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ABSTRACT 
 
 Soil fertility for sustainable rice production in the Mekong Delta, Vietnam 
is under a considerable threat. Sustainable soil fertility management 
methods in both ecological and economical meaning are necessary to 
maintain and increase the income of rice farmers there. This thesis is about 
the first long-term field experiment on the effects of organic matter 
application to paddy field in the Mekong Delta. Rice yields and plant 
nutrients were observed and compared to evaluate the effects of the 
application of rice straw compost and chemical fertilizer on the yield and the 
yield trend. Moreover, the ammonia volatilization from paddy field was 
measured for the first time in Vietnam. In this study, the following 
conclusions were drawn. (1) Application of rice straw compost with reduced 
doses of chemical fertilizer increased the rice yield compared with the 
conventional practice solely depend on chemical fertilizer doses. (2) An 
imbalance between N and Si in rice plant may happen with a combination of 
the conventional nitrogen application and continuous removal of rice straw. 
(3) N, P and Mg concentrations in rice plant increased in response to the 
doses of applied urea and single super phosphate however the rice yields 
stopped to respond at the lower doses. (4) Concentrations of K, Ca, Mn, Fe, 
Zn, and Cu were not significantly different among the treatments with 
different chemical fertilizer and RSC doses. (5) The low ceiling of the yield 
was not caused by the lack of N, P and K. (6) Soil penetration resistance and 
soil bulk density appeared to be lower with compost than without compost. 
(7) The estimated N losses by NH3 volatilization during the first 10-day 
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period after fertilizer application and throughout the cropping period were 
0.5–19.7% and 1.7–14.6% of the applied N, respectively, indicating that NH3 
volatilization was a significant pathway of N loss from the Vietnamese paddy 
fields. This study gives valuable information for the development of 
sustainable soil fertility management methods for paddy field in the Mekong 
Delta. 
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（要旨）ベトナム・メコンデルタ水田における稲わら堆肥を用いた持続的土壌肥
沃度管理技術の開発 
 
ベトナム･メコンデルタの水田では、毎年発生するメコン川の氾濫により養分を
含んだ沈殿物が供給されるため土壌肥沃度が高いため、農家は水田に堆肥など
の有機物を投入することなく水稲栽培を行ってきたが、二期作、三期作の拡大、
洪水の制御に伴う天然の養分補填の低下等により、土壌肥沃度の低下が懸念さ
れている。本研究は、メコンデルタ水田の持続的土壌肥沃度管理技術の開発を
目的として行われた。本論文は、序論（１章）、水田における稲わら堆肥と化成
肥料の連用試験（２，３章）、上記試験圃場を含めベトナムの水田におけるアン
モニア揮散の測定（４章）および総合考察（５章）で構成される。２，３章で
は、稲わら堆肥を 6t/ha 施用し化成肥料を慣行より 40 または 60%減肥した肥培
管理が、収穫時に稲わらを持ち出し、化成肥料を慣行量施肥した肥培管理より
も、経年的に水稲収量を高めることが示された。化成肥料の施肥量に応答して、
稲わら中の窒素、リン、マグネシウムの濃度は増加したが、それらは収量増加
をもたらさなかった。連用試験開始から 10 年継続後、稲わら堆肥を施用した処
理区と比較して、稲わらを圃場外へ持ち出し続けた処理区では、稲わら中のケ
イ素濃度が低いことが判った。一方で、カリウム、カルシウム、鉄、マンガン、
亜鉛、銅濃度は処理区間に有意差は認められなかった。４章では、ベトナム国
内の３箇所にて、水田から揮散アンモニアの測定を行い、施肥窒素の 1.7～14.6%
相当がアンモニア揮散による失われており、有意な損失経路であることが示さ
れた。本論文で開発された稲わら堆肥と慣行より減らした化成肥料の施用は、
水稲生産の持続性を高め、環境への窒素負荷を低減する土壌肥沃度管理技術で
ある。 
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CHAPTER 1 
 GENERAL INTRODUCTION AND OBJECTIVES 
 
1.1  General Introduction 
Mekong River is the largest river in Southeast Asia. Its length is 4350 km 
and the water catchment area is approximately 7.95 x 105 km2. The Mekong 
Delta in Vietnam is located in south-end of Vietnam and covers about 4 x 104 
km2. 
The Mekong Delta is the largest rice-producing area in Vietnam. The 
region produces more than 18 million tons of rice annually, which constitutes 
approximately half of the country’s total rice production. (General Statistical 
Office Vietnam 2007). In contrast to the Red River Delta in northern 
Vietnam, most farmers in the Mekong Delta cultivate rice (Oryza sativa) 
without manure or compost; moreover, farmers generally burn the rice straw, 
or remove it for use in mushroom cultivation, vegetable mulching, or cattle 
feeding. 
The soil organic matter content of paddy soil in the Mekong Delta is 
generally high (Dobermann et al. 2002; National Institute for Soils and 
Fertilizers and Department of Science, Technology and Product Quality 
Vietnam 2002). Kyuma (1985) reported that on an average total carbon 
concentration of the soil in the Mekong Delta was 24.9 g kg-1. In paddy soil, 
organic matter decomposes slowly owing to the anaerobic soil conditions 
Sahrawat (2004). Paddy fields in a large part of the Mekong Delta are 
inundated for several months (up to a maximum of 6 months) every year in 
the wet season (May to November). The flood water supplies nutrient-laden 
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sediments to the paddy fields. This agroecosystem has maintained the soil 
fertility over the centuries. 
However, the soil fertility for sustainable rice production in the Mekong 
Delta is under a considerable threat. Many dykes and water gates were 
constructed to control flood water, since 1990s. Consequently, the natural 
replenishment of the soil fertility is impaired. In addition, the land use is 
becoming more intensive. In spite of such situation, little information is 
available on the long-term trends in soil fertility in this region (Tan et al. 
1995; Tuyen et al. 2006). Long-term experiment focusing on the effects of 
organic matter application on soil fertility has never been conducted in the 
Mekong Delta. 
In this context, Japan International Research Center for Agricultural 
Sciences and Cuu Long Delta Rice Research Institute started a collaborative 
experiment on the effects of continuous rice straw compost application for 
paddy field from 2000. 
N fertilizer consumption in Southeast Asia has steadily increased as the 
agricultural systems have intensified. Rice is the most important cereal crop 
in the monsoon Asia (Kyuma 2004) and is cultivated on over 7.3 million ha 
(planted area) in Vietnam. The paddy field is the largest destination of the N 
fertilizer in Vietnam. Paddy fields act as a sink for N in general, nevertheless, 
N lost through ammonia (NH3) volatilization from paddy fields can be a 
source of N load to the environment in the monsoon Asia including Vietnam. 
The NH3 volatilization is considered to be an important pathway of N loss 
from the fertilized flooded paddy fields and was studied for a long time (Vlek 
and Craswell 1981), but only at a few sites in Southeast Asia. The 
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importance of ammonia volatilization as a N loss mechanism has not been 
studied in Vietnam. 
The soaring and swinging chemical fertilizer prices are decreasing and 
destabilising farmers’ income all over the world including the Mekong Delta. 
The recycling of rice straw could significantly reduce the total N fertilizer 
requirements (Cassman et al. 1998). The recycling of straw also has a major 
positive influence on the potassium (K) and silicate (SiO2) balance on the 
maintenance of soil K and Si status in intensive rice systems (Dobermann 
and Fairhurst 2000). To maintain and increase the income of the rice farmers, 
it is necessary to increase the fertilizer use efficiency. To achieve this, the 
sustainable soil fertility management methods in both ecological and 
economical meaning need to be developed. 
 
1.2  General Objectives 
Based on the background mentioned above, this study has the following 
objectives. 
1. To investigate the effect of continuous rice straw compost application with 
reduced amount of chemical fertilizer on rice yield in the Mekong Delta 
(Chapter 2 & 3) 
2. To investigate the effect of continuous rice straw compost application with 
reduced amount of chemical fertilizer on soil properties in paddy field of 
the Mekong Delta (Chapter 2) 
3. To investigate NH3 volatilization loss from paddy field in Vietnam 
(Chapter 4) 
4. To develop and propose sustainable soil fertility management methods 
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using rice straw compost for paddy soil in the Mekong Delta (Chapter 3) 
 
In this thesis, I tried to clarify the problems of the conventional farming 
practices of rice farmers in the Mekong Delta by a long-term field experiment. 
I expected that application of organic matter that contains not only N, P and 
K but also other plant nutrition would reduce the chemical fertilizer 
requirement and maintain the soil fertility of the paddy field. At the same 
time, I tried to evaluate the NH3 volatilization from the viewpoints of 
agronomy and environmental science. The goal of this study is to develop 
sustainable soil fertility management methods that are feasible and 
practical for rice farmers in the Mekong Delta. 
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CHAPTER 2 
EFFECTS OF CONTINUOUS RICE STRAW COMPOST 
APPLICATION ON RICE YIELD AND SOIL PROPERTIES IN 
THE MEKONG DELTA 
 
2.1 Summary 
A field experiment was conducted to study the effects on yield and soil 
properties of the continuous application of rice straw compost to an alluvial 
soil in the Mekong Delta, Vietnam. Fourteen rice crops, two crops per year, 
were grown by direct seeding of the crop. There were seven treatments: F0C- 
(no fertilizer and compost), F0C+ (compost with no fertilizer), F20C+ , F40C+, 
F60C+, F80C+ (20, 40, 60 and 80% of the fertilizer application rate with 
compost, respectively), F100C- (full strength of fertilizer application as 
N:P2O5:K2O at 100:30:30 kg ha-1 in the dry season and 80:30:30 kg ha-1 in the 
wet season without compost). Compost prepared from the rice straw was 
applied at 6 Mg ha-1 (fresh weight) at the cultivation of each crop. The F0C+ 
treatment showed higher yield than the F0C− treatment by 0.68 Mg ha-1 on 
average in the wet season, but not in the dry season. The rice yield in F0C− 
declined at a rate of 0.163 Mg ha-1 year-1 in the wet season, but there was no 
decline in the rice yield in F0C+. In treatments with compost, the yield 
reached its plateau at F40, suggesting that compost could replace part of the 
fertilizer. Although there were no significant differences in total C 
concentrations in the soil among the treatments, even after 12 consecutive 
crops, soil penetration resistance appeared to be lower with compost than 
without compost. The long-term field trial showed that the continuous 
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application of rice straw compost has some positive effects on rice yield as 
well as soil physical properties. 
 
2.2 Introduction 
The Mekong Delta is the largest grain-producing area in Vietnam, yielding 
more than 18 million tonnes of rice annually (General Statistical Office 
Vietnam, 2005). In contrast to the Red River Delta in the northern Vietnam, 
most farmers in the Mekong Delta cultivate rice (Oryza sativa) without 
manure or compost and burn the rice straw or remove it for use in the 
mushroom cultivation or as cattle feed. 
The soil organic matter content of paddy soil in the Mekong Delta is 
generally high (Dobermann et al. 2002; National Institute for Soils and 
Fertilizers and Department of Science, Technology and Product Quality 
Vietnam 2002). Kyuma (1985) reported that the average total carbon 
concentration of the soil in the Mekong Delta was 24.9 g kg-1. In paddy soil, 
organic matter decomposes slowly owing to the anaerobic soil conditions 
(Sahrawat 2004). Paddy fields in a large part of the Mekong Delta are 
inundated for several months (up to a maximum of 6 months) every year in 
the wet season (May−November). Flood water supplies nutrient-laden 
sediments to the paddy fields. This agroecosystem has maintained the soil 
fertility over the centuries. 
Recently, many dykes and water gates have been constructed to control the 
flood water. Consequently, the natural replenishment of soil fertility is 
impaired. In addition, land use is becoming more intensive. Soil fertility for 
sustainable rice production in the Mekong Delta is under considerable threat. 
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However, little information is available on the long-term trends in soil 
fertility in this region (Tan et al. 1995; Tuyen et al. 2006) 
Studies on tropical paddy soil have shown that soil organic matter content 
can be increased by residual root mass input, even if all above-ground 
biomass is removed at harvest (Cassman and Pingali 1995; Cassman et al. 
1996, 1998; Pampolino et al. 2008; Sahrawat 2004). Rice yield is reduced by a 
decrease in the indigenous nitrogen (N) supply resulting from a change in 
the chemical properties of soil organic matter owing to continuous flooding, 
but not by a decrease in soil organic matter and total soil N (Olk et al. 1996). 
The recycling of rice straw could significantly reduce total N fertilizer 
requirements (Cassman et al. 1998). The recycling of straw also has a major 
positive influence on potassium (K) and silicon (Si) balance and on the 
maintenance of soil K and Si status in intensive rice systems (Dobermann 
and Fairhurst 2000). 
Paddy fields occupy a major proportion of the land in the Mekong Delta, 
and rice straw is the only form of organic matter available in large quantities. 
Even if superior forms of organic matter exist, their use is limited because 
farmers cannot pay for the cost of transporting bulky organic matter. 
Interest and the demand for biomass as an energy source have also been 
increasing recently. Competition for rice straw between farmers and the 
energy industry may occur in the future. At present, no information is 
available on the long-term effects of repeated organic matter application for 
rice production in the Mekong Delta region. Therefore, I explored the 
potential of the application of rice straw as such or as a manure to maintain 
productivity of paddy soil in the Mekong Delta. 
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It is recommended that farmers should apply N to rice at a rate of 100 kg 
ha-1 in the dry season and at 80 kg N ha-1 to the wet season rice; these 
recommendations are based on results when no rice straw was used as a 
source of organic matter (Tan et al. 1995). However, it is expected that 
applying organic matter, including rice straw compost, could reduce the need 
for chemical fertilizer without decreasing the yield of the rice crop. As an 
alternative, it is important to improve the local fertilizer management 
practice by increasing fertilizer use efficiency, which should lower farmers’ 
expenditure on fertilizer and alleviate the environmental impacts resulting 
from the use of high rates of fertilizers. 
 
2.3 Objectives 
This study was conducted in a paddy field on an alluvial soil in the Mekong 
Delta, Vietnam for the following objectives. 
1) to study the effects of the application of rice straw compost on rice yield 
and the yield trend (the yield trend refers to the change in yield through 
time and it can be assessed from the slope of a line fitted for data across 
a number of years [Dawe et al. 2003]) 
2) to determine the effects of the application of rice straw compost on soil 
properties 
3) to evaluate the effects of chemical fertilizer application rate on rice 
yield 
4) to evaluate the efficiencies of applied nutrients 
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2.4 Materials and Methods 
2.4.1 Design and experimental field treatments  
The continuous experiment started during the wet season of 2000 in an 
experimental field at the Cuu Long Delta Rice Research Institute (CLRRI, 
Co Do, Can Tho City, Vietnam, 10°08’N, 105°35’E)(Figure. 1). Rice was 
cultivated twice per year in the wet and the dry seasons. The variety of 
cultivated rice, the date and method of sowing and the seed application rate 
are shown in Table 1. The field was plowed by a hand tractor and levelled by 
using stems of banana. IR 64 was seeded by broadcast in the experiment 
starting in the wet season of 2000 and running to the wet season of 2005. OM 
2517 rice was directly sown by using a row seeder from the dry season of 
2005/2006 (from December 2005 to April 2006) to the wet season 2007. The 
growth duration of IR 64 was 95−100 days, whereas the growth duration of 
OM 2517 was 85−90 days. The plant height of IR 64 was 95−100 cm, whereas 
OM 2517 was 90−95 cm tall. Commonly, rice yield varies from 6 to 8 Mg ha-1. 
Rice was not cultivated in the 2003/2004 dry season because the irrigation 
canal of the CLRRI was under repair during that time; the experimental 
field was instead left unflooded and the soil of each plot was undisturbed. 
The following seven treatments were established in the experimental 
field in a randomized block design with three replicates: 
(1)  F0C−: control (0 N: 0 P2O5:0 K2O) 
(2)  F0C+: Rice straw compost (RSC) (6 Mg ha-1)  
(3)  F20C+: RSC (6 Mg ha-1) + 20% NPK (16 or 20 N: 6 P2O5: 6 K2O kg ha-1) 
(4)  F40C+: RSC (6 Mg ha-1) + 40% NPK (32 or 40 N: 12 P2O5: 12 K2O kg ha-1) 
(5)  F60C+: RSC (6 Mg ha-1) + 60% NPK (48 or 60 N: 18 P2O5: 18 K2O kg ha-1 
9 
 
(6)  F80C+: RSC (6 Mg ha-1) + 80% NPK (64 or 80 N: 24 P2O5: 24 K2O kg ha-1)  
(7)  F100C−: 100% inorganic fertilizer (wet season: 80 N: 30 P2O5: 30 K2O kg 
ha-1 and dry season: 100 N: 30P 2O5: 30 K2O kg ha-1)  
Each plot was 30 m2 (5m x 6m). The RSC and phosphorus (P) fertilizer 
(single superphosphate) were mixed into soil at the time of cultivation before 
sowing of the rice seed. The N fertilizer (urea) was split into 3 applications: 
one-third was broadcast at 10, one-third was broadcast at 20 and one-third 
was broadcast at 30 days after sowing (DAS). The potassium (K) fertilizer 
(potassium chloride) was split into 2 applications: half was broadcast at 10 
DAS and half was broadcast at 30 DAS. The recommended fertilization rates 
in the dry season in the region were: 100 kg of N, 30kg of P2O5 and 30 kg of 
K2O ha-1. For the wet season, it was recommended to reduce N application to 
80kg ha-1. 
The soil of the experimental field is Fluvaqentic Humaquepts (Soil 
survey staff, 2010). The total carbon (C), N and P concentrations in the 
surface layer of the experimental field taken after harvest of the first crop 
were 35.1 g kg-1, 3.3 g kg-1 and 240 mg kg-1 (in dry soil) for C, N and P, 
respectively. At harvest, the rice straw was cut at approximately 5 cm above 
ground level in all plots, removed from the field and used as the source of 
RSC for the next season. The dry matter content of the RSC was 170−210 g 
kg-1 and N, P and K concentrations of the dry matter were 17.2−23.0 g kg-1, 
2.2−2.6 g kg-1, and 5.3−14.9 g kg-1 as N, P and K, respectively and the C/N 
ratio of the RSC was 13.4−17.7. Hence, 6 Mg ha-1 (wet weight basis) of RSC 
per season was equivalent to 22.1−25.6 kg ha-1, 6.1−6.7 kg ha-1, 7.7−18.5 kg 
ha-1 as N, P2O5 and K2O, respectively, and 0.32−0.39 Mg ha-1 of organic C. 
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Figure 2.1 Map of the field location  
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Table 2.1 Sowing date, rice variety, sowing rate and method of sowing 
 
Season† Sowing date Variety
Sowing rate
(kg ha-1)
Method
2000 WS 28-Apr IR64 200 Broadcasting
2000/2001DS 3-Dec IR64 200 Broadcasting
2001 WS 10-May IR64 200 Broadcasting
2001/2002 DS 16-Dec IR64 200 Broadcasting
2002 WS 11-May IR64 200 Broadcasting
2002/2003 DS 14-Dec IR64 200 Broadcasting
2003 WS 9-Jun IR64 200 Broadcasting
2003/2004 DS Fallow
2004 WS 30-May IR64 200 Broadcasting
2004/2005 DS 20-Dec IR64 200 Broadcasting
2005 WS 15-Jun IR64 150 Broadcasting
2005/2006 DS 6-Dec OM2517 100 Row seeding
2006 WS 28-Apr OM2517 100 Row seeding
2006/2007 DS 7-Dec OM2517 100 Row seeding
2007 WS 13-May OM2517 100 Row seeding  
 
  
†: WS, wet season; DS, dry season; 2000/01 DS means the dry season 
from December 2000 to May 2001. 
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2.4.2 Yield measurement and methods used for soil and plant analyses  
The yield was measured in subplots (2.5 m x 2 m) within each plot at 
harvest of the crop. In the 2004/2005 dry season and in the 2005 wet season, 
rice straw was taken from two subplots (0.5 m x 0.5 m each) within each plot 
and straw (biomass above ground surface) production was determined. 
The soil was sampled after harvest of the 2006 wet season (12th season) 
crop. Soil was collected by auger from three points in each plot and divided 
into three layers, 0−5 cm, 5−10 cm and 10−20 cm from the soil surface. After 
air drying, the samples were ground, oven-dried at 105°C, and the total C 
and total N were determined using a NC analyzer (Sumigraph 900, Sumika 
Chemical Analysis Service, Osaka, Japan). 
The physical properties of the soil were analyzed after harvest of the 
2006/2007 dry season crop for F0C−, F0C+, F40C+, F100C-. Six replicated 
soil sampled were taken from each plot using a core ring (100 cm3). Soil bulk 
density was determined at 0−10 and at 10−20 cm below the ground surface. 
Soil penetration resistance was measured using a penetrometer from 0 to 50 
cm below the ground surface in each plot (n = 3). 
In the 2004/2005 dry season and in the 2005 wet season (9th and 10th 
seasons), the recovery rates of chemical fertilizer in the rice plants were 
determined using a 15N stable isotope. An open-bottom plastic frame (30 cm x 
30 cm) was inserted into the soil to isolate a column of soil within each plot of 
F20C+, F40C+, F60C+, F80C+, and F100C− treatments. Urea labelled with 
15N (10.3 atom % in the 2004/2005 dry season, 30.9 atom % in the 2005 wet 
season) was applied inside the frames at the same rate as unlabeled urea 
applied outside the frames. At harvest, grain and straw samples were taken 
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and the 15N atom % values were determined using a gas chromatograph 
(GC)−mass spectrometer (GC: EA 300, AMKO; mass spectrometer: DELTA 
plus XP, Thermo Finnigan, Bremen, Germany) for the F20C+, F40C+, F60C+, 
F80C+ and F100C− treatments. 
To determine the amounts and concentrations of N, P and K, straw and 
grain were sampled from the outside of the frames in the 2004/2005 dry 
season and in the 2005 wet season (9th and 10th seasons). The straw (10 
hills per plot) samples were air-dried, cut into small pieces (approximately 
1−2 cm), mixed well, 50 g was taken and milled into a fine powder. Grains 
were collected from 30 panicles for the analysis. The N concentrations of the 
samples were determined by the NC analyzer. For the P analysis, the milled 
samples were digested by sulfuric acid and hydrogen peroxide using a 
digestion block, and concentration was determined using the 
vanadium-molybdenum method. For K, milled samples were digested in 
nitric acid and hydrogen peroxide using a microwave digester (Mls 1200 
mega; Milestone, Sorisole, Italy). The K concentration was determined by 
Inductivity Coupled Plasma (ICP) (SEIKO SPS7700; Seiko Instrument, 
Chiba, Japan). Using these data from the plants growing outside the micro 
plots, the amounts of N, P and K assimilated into the grain and straw were 
calculated. 
 
2.4.3 Analysis of yield, yield trend and yield response to chemical fertilizer 
input 
The following statistical analysis was conducted using the SAS program 
(http://www.sas.com/index.html). 
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To detect the effect of RSC application on rice yield and yield trend, yield 
data from F0C− and F0C+ were analyzed using the following model: 
Y = a + b (RSC) + c (t) (RSC),                                      (1) 
where Y is the grain yield (Mg ha-1) and t is the year. 
RSC= 1 for F0C+, but otherwise 0 
The b and c were tested to determine if they were significantly different 
from zero. 
Regression analyses were conducted separately for rice yield in the rainy 
season and in the dry season using the following model: 
Y = a + b (F0) + c (F20) + d (F40) + e (F80) + f (F100) + g(C−),         (2) 
where Y is the grain yield (Mg ha-1). 
F0 = 1 for F0C− and F0C+, but otherwise 0 
F20 = 1 for F20C+, but otherwise 0 
F40 = 1 for F40C+, but otherwise 0 
F80 = 1 for F80C+, but otherwise 0 
F100 = 1 for F100C−, but otherwise 0 
C− = 1 for F0C− and F100C−, but otherwise 0 
where a−g are coefficients. The coefficient a is the yield of F60C+. F60C+ 
was chosen as a standard because the average yield of all cultivation was the 
highest. The coefficients b−g were tested to determine if they were 
significantly difference from zero. Yield trend was statistically analyzed 
separately for the wet season and the dry season. The following regression 
formula was used for each treatment: 
Y = a + b (t),                                                     (3) 
where Y is the grain yield (Mg ha-1) and t is the year. The coefficient a is 
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the intercept of the time trend, and b is a coefficient for the yield trend. The 
range of b with 95% reliability was calculated and, if zero was not within the 
range, it was judged that the yield decreased (b<0) or increased (b>0) with 
time. 
The relationship between yield and applied chemical fertilizer was 
analyzed separately from the yields of F0C+, F20C+, F40C+, F60C+ and 
F80C+ for the wet season and the dry season. For each season, the following 
regression formula was calculated. Because the yield response is a curve 
with one peak, a quadratic formula was selected: 
Y = a + b (NPK) + c (NPK)2,                                       (4) 
where Y is the grain yield (Mg ha-1), and NPK is the chemical fertilizer 
application rate (0 for F0C+, 0.2 for F20C+, 0.4 for F40C+, 0.6 for F60C+ and 
0.8 for F80C+). In this case, a−c are coefficients. The highest yield and the 
NPK rate that gives the highest yield were estimated using this model 
(formula). 
 
2.4.4 N recovery rates, apparent recoveries and internal efficiencies 
The N recovery rate refers to the percentage of applied urea that was 
assimilated into grain and straw at the time of harvest of the crop. The N 
recovery rates were calculated for the dry season 2004/2005 and for the 2005 
wet season for F20C+, F40C+, F60C+, F80C+ and F100C− using the 
following procedure. The share of urea-origin nitrogen (Ndff) in the grain or 
straw at the time of harvest was first calculated using the following 
equation: 
Ndff = {(15N atom % of rice plant in F20C+, F40C+, F60C+, F80C+ or 
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F100C−)- (average 15N atom % of rice plant in F0C− and F0C+)} / (15N 
atom % of 15N-labelled urea – average 15N atom % rice plant in F0C− and 
F0C+)                                                              (5) 
 In this calculation, the 15N atom % of the rice plants in F0C- and F0C+ 
represented 15N atom % from indigenous N sources. The amounts of N that 
came from the applied urea and that were assimilated into the grain and 
straw were calculated from the Ndff and the amounts of N assimilated into 
the grain and straw. The N recovery rates were calculated using Eq. 6: 
 N recovery rate = Ndff × N assimilated into the grain and straw / N 
applied as urea ×100                                                (6) 
Apparent recoveries and internal efficiencies of N, P and K were 
calculated to evaluate the efficiencies of the applied nutrients. 
The apparent recoveries of N, P and K were calculated for each treatment 
other than F0C− using the following the formula: 
Apparent recovery = {(Amount of N, P or K in rice plant in F0C+, C20C+, 
F40C+, F60C+, F80C+ or F100C−) – (Amount of N, P or K in rice plant in 
F0C−)}/ (Amount of N, P or K applied as fertilizer and RSC)×100        (7) 
Internal efficiencies of N, P and K (Witt et al. 1999) were calculated for 
each treatment using the following formula: 
Internal efficiency = Grain yield / (Amount of N, P or K in rice plant)  (8) 
 
2.5 Results 
2.5.1 Comparisons of yields among treatments and trends in rice yield 
The rice yields (as paddy) are shown in Figure 2. The Eq. 1 for the wet 
season was: 
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Figure 2.2  Changes in the rice yield with time in the wet and dry seasons.  
*: The straight line is the linear regression of F0C− (Yield = − 0.163X + 2.73, 
X: Year − 2000). Error bars are standard error. In the graph on the right 01, 02, 
…. 07 on the x-axis refer to the dry season 2000/2001, 2001/2002, … 2006/2007, 
respectively. F0C−, no fertilizer and compost; F0C+, compost with no fertilizer; 
F20C+, F40C+, F60C+, F80C+, 20, 40, 60 and 80% of the fertilizer application 
rate with compost, respectively; F100C−, full strength fertilizer application as 
N:P2O5:K2O at 100:30:30 kg ha-1 in the dry season and 80:30:30 kg ha-1 in the 
wet season without compost.  
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Y = 1.95 + 0.68 (RSC) + 0.06 (t) (RSC) 
The coefficient b (0.68) was significantly higher than 0 (p<0.05), but c 
(0.06) was not significantly different from 0, showing that RSC application 
increased rice yield but did not affect the yield trend in the wet season. For 
the dry season, neither coefficient b nor c differed significantly from 0. The 
application of RSC did not significantly affect yield and yield trend in the dry 
season. 
The Eq. 2 for the wet season was: 
Y = 3.62 – 1.05 (F0) – 0.44 (F20) – 0.20 (F40) – 0.09 (F80) + 0.14 (F100) – 
0.42(C-) 
The coefficient b (–1.05, p<0.001), c (–0.44, p<0.05) and g (–0.42, p<0.05) 
were significantly lower than 0, revealing that chemical fertilizer application 
at <20% of the recommended rate and nil application of RSC decreased the 
rice yield compared with the yield at F60C+.  
The corresponding Eq. 2 for the dry season was: 
Y = 5.75 – 1.21 (F0) – 0.29 (F20) + 0.02 (F40) – 0.14 (F80) – 0.19 (F100) – 
0.22 (C-) 
The coefficient b (–1.21) was significantly lower than 0 (p<0.001), which 
showed that without the application of chemical fertilizer, the rice yield was 
lower than that at F60C+. 
The Eq. 3 for F0C- in the wet season was: 
Y = 2.73 - 0.163 (t) 
The coefficient b (-0.163) was significantly lower than 0 (p<0.05). Rice 
yield at F0C- in the wet season declined at a rate of 0.163 Mg ha-1 year-1. A 
significant yield increase or decrease with time was not detected for yield at 
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F0C- in the dry season or other treatments in either the wet or dry seasons. 
2.5.2 Yield response to applied chemical fertilizer 
The average yield with F0C+ was 2.58 Mg ha-1 in the wet season and 
4.53 Mg ha-1 in the dry season (Table 2). Equation 4 was: 
Y = 2.59 + 3.23 (NPK) – 2.56 (NPK)2 
  (R2=0.280, P<0.01) an 
Y = 4.55 + 4.25 (NPK) – 3.99 (NPK)2   
(R2=0.202, P<0.01) 
for the wet season and the dry season, respectively. 
The highest yield from the response function (Table 2) shows that the 
yield reached a peak at 3.73 Mg ha-1 with 50.4 kg ha-1 of N, 18.9 kg ha-1 of 
P2O5 and 18.9 kg ha-1 of K2O in the wet season and at 5.97 Mg ha-1 with 53.2 
kg ha-1 of N, 16.0 kg ha-1 of P2O5 and 16.0 kg ha-1 of K2O in the dry season. 
 
2.5.3 Balance and efficiency of N, P and K 
Nitrogen concentrations in the grain and straw increased with applied N 
(Table 3). The N recovery rates of applied chemical N were determined from 
a sample taken from the frame where 15N-labeled urea was applied. The 
rates were 39−49% in the 2004/2005 dry season and 32−40% in the 2005 wet 
season (data not shown). There were no significant differences between 
F20C+, F40C+, F60C+, F80C+ and F100C– in either season. Apparent 
recoveries of F20C+, F40C+, F60C+, F80C+ and F100C- were higher than 
the N recovery rates in both the seasons (Table 4). Internal N efficiencies 
(Table 4) were lower than the average for irrigated lowland rice in tropical 
and subtropical Asia (59 kg kg-1, n≈ 700) (Witt et al. 1999). 
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Table 2.2 Yield response to applied chemical fertilizer accompanied by 
an application of rice straw compost 
Wet season Dry season
Yield without fertilizer  (F0C+), (Mg ha-1) 2.58 ± 0.64 4.53 ± 0.50
Highest measured yield      (Mg ha-1) 3.71 ± 0.55 5.88 ± 0.65
Highest yield from the response function (Mg ha-1) 3.73 5.97
(NPK) to get the highest yield (NPK: See text) 0.630 0.533
Mean response function   (NPK: See text) Y = 2.59 + 3.23(NPK)
−2.56(NPK)2†
Y = 4.55 + 4.25(NPK)
−3.99(NPK)2‡  
 
 
  
Rice straw compost was applied at 6 Mg ha-1 as fresh weight. Values are mean ± 
standard error. †R2 = 0.280, P<0.01. ‡R2 = 0.202, P<0.01. F0C+, compost with no 
fertilizer; NPK is the chemical fertilizer application rate (0 for F0C+, 0.2 for F20C+, 
0.4 for F40C+, 0.6 for F60C+ and 0.8 for F80C+).   
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Table 2.3 Nitrogen, phosphorus and potassium concentrations in the grain 
and straw at harvest 
Treatment Grain Straw Grain Straw
Nitrogen (g kg-1 in dry matter)
F0C－  11.6 ± 0.2 a   5.7 ± 0.2 a  12.0 ± 0.3 a   6.7 ± 0.9 ab
F0C+  11.4 ± 0.2 a   5.8 ± 0.6 a  11.7 ± 0.5 a   5.7 ± 0.5 a
F20C+  11.8 ± 0.6 a   5.9 ± 0.2 a  11.9 ± 0.7 a   7.1 ± 1.3 ab
F40C+  12.3 ± 0.6 ab   6.7 ± 0.7 a  13.5 ± 1.4 a   8.8 ± 1.9 ab
F60C+  12.9 ± 0.4 abc   6.9 ± 1.1 ab  12.7 ± 0.8 a   8.6 ± 0.9 ab
F80C+  14.0 ± 0.8 bc   9.4 ± 1.5 b  13.6 ± 0.5 a  10.2 ± 1.9 bc
F100C－  14.9 ± 1.2 c   9.4 ± 0.4 b  15.7 ± 0.2 b  12.8 ± 0.2 c
Phosphorus (g kg-1 in dry matter as P)
F0C－   2.3 ± 0.1 a   0.5 ± 0.1 a   1.4 ± 0.2 a   1.1 ± 0.3 a
F0C+   2.3 ± 0.4 a   0.6 ± 0.2 a   1.5 ± 0.1 a   1.3 ± 0.1 a
F20C+   2.4 ± 0.3 a   0.6 ± 0.1 a   1.9 ± 0.5 ab   1.5 ± 0.7 a
F40C+   2.4 ± 0.3 a   0.8 ± 0.2 a   2.3 ± 0.1 bc   1.8 ± 0.4 a
F60C+   2.4 ± 0.3 a   1.2 ± 0.8 a   2.6 ± 0.1 c   2.2 ± 0.3 a
F80C+   2.6 ± 0.3 a   0.8 ± 0.2 a   2.6 ± 0.1 c   2.3 ± 0.5 a
F100C－   2.6 ± 0.2 a   0.7 ± 0.1 a   2.9 ± 0.1 c   2.0 ± 0.3 a
Potassium (g kg-1 in dry matter as K)
F0C－   2.1 ± 0.2 a  10.4 ± 0.5 a  1.7 ± 0.1 ab  10.0 ± 0.7 a
F0C+   2.1 ± 0.1 a  10.5 ± 0.8 a  1.5 ± 0.1 a  10.3 ± 0.5 a
F20C+   2.1 ± 0.1 a  12.0 ± 0.2 a  1.7 ± 0.2 ab  10.6 ± 0.6 a
F40C+   2.1 ± 0.1 a  10.1 ± 0.2 a  1.7 ± 0.1 ab  10.6 ± 1.6 a
F60C+   2.0 ± 0.2 a  11.5 ± 0.9 a  1.8 ± 0.1 b  11.0 ± 1.9 a
F80C+   2.1 ± 0.1 a  10.4 ± 0.9 a  1.9 ± 0.1 b  10.2 ± 1.2 a
F100C－   2.0 ± 0.1 a  10.7 ± 0.6 a  1.9 ± 0.0 b  11.3 ± 1.3 a
DS 2004/2005 WS 2005
Data are mean ±standard error (n = 3). Values in a column followed by the same letter are not 
significantly different using a Tukey’s multiple comparison (P < 0.05). DS, dry season; WS, wet seaon; 
F0C+, compost with no fertilizer; F20C+, F40C+, F60C+, F80C+, 20, 40, 60 and 80 % of the fertilizer 
application rate with compost, respectively; F100C−, full strength fertilizer application as N:P2O5:K2O 
at 100:30:30 kg ha-1 in the dry season and 80:30:30 kg ha-1 in the wet season without compost.  
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Table 2.4 Amounts of nitrogen, phosphorus and potassium (kg ha-1 ) in 
the chemical fertilizers, rice straw compost, grain and straw and the 
apparent recovery and internal efficiencies in the dry and wet seasons 
†Apparent recovery = {( ②+③) −(②+③) F0C−}/① x 100. ‡Internal efficiency = grain yield / ②+③ (Witt et 
al. 1999). DS, dry season, F, chemical fertilizer; WS, wet season; F0C−, no fertilizer and compost; F0C+, 
compost with no fertilizer; F20C+, F40C+, F60C+, F80C+, 20, 40, 60 and 80 % of the fertilizer application 
rate with compost, respectively; F100C−, full strength fertilizer application as N:P2O5:K2O at 100:30:30 
kg ha-1 in the dry season and 80:30:30 kg ha-1 in the wet season without compost.
Treatment F+RSC ① Grain　② Straw　③
Apparent
recovery† (%)
Internal
efficiency‡
(kg kg-1) F+RSC ① Grain ② Straw ③
Apparent
recovery† (%)
Internal
efficiency‡
(kg kg-1)
Nitrogen
F0C− 0+0 38.4 25.7 - 59.8 0+0 16.5 15.3 - 49.9
F0C+  0+25.6 39.3 30.4 21.7 58.0 0+23.8 23.8 14.9 29.1 60.8
F20C+ 20+25.6 51.7 33.1 45.4 60.6 16+23.8 31.3 26.3 64.9 53.2
F40C+ 40+25.6 55.3 45.6 56.0 52.0 32+23.8 40.5 33.6 75.9 47.4
F60C+ 60+25.6 60.0 50.8 54.5 49.1 48+23.8 39.5 40.8 67.6 46.2
F80C+ 80+25.6 59.4 66.8 58.8 38.9 64+23.8 41.4 33.3 48.9 48.1
F100C− 100+0 62.7 69.0 67.5 37.2 80+0 45.8 29.0 53.8 45.3
Phosphorus (as P)
F0C− 0+0 7.6 6.6 - 354 0+0 2.0 2.4 - 376
F0C+ 0+2.7 8.1 8.0 71.7 306 0+2.8 3.1 3.3 72.2 373
F20C+ 2.6+2.7 10.5 9.1 102.5 317 2.6+2.8 5.0 5.1 107.8 318
F40C+ 5.2+2.7 11.0 13.4 129.5 253 5.2+2.8 7.0 6.8 119.5 254
F60C+ 7.9+2.7 11.1 14.8 110.3 242 7.9+2.8 8.2 8.8 118.8 218
F80C+ 10.5+2.7 10.7 15.8 93.9 252 10.5+2.8 8.1 7.2 82.7 235
F100C− 13.1+0 10.8 15.4 91.7 225 13.1+0 8.5 5.7 75.1 239
Potassium (as K)
F0C− 0+0 7.1 47.0 - 71.6 0+0 2.9 20.7 - 68.5
F0C+ 0+6.4 7.4 54.1 116.9 65.6 0+10.9 4.0 25.0 48.9 83.1
F20C+ 5.0+6.4 9.1 67.4 197.4 67.6 5.0+10.9 5.5 36.5 115.5 75.4
F40C+ 10.0+6.4 9.3 69.2 149.7 66.9 10.0+10.9 5.8 41.0 110.9 75.1
F60C+ 14.9+6.4 9.2 83.8 183.1 58.2 14.9+10.9 6.7 43.9 104.5 73.4
F80C+ 19.9+6.4 9.0 74.5 112.3 58.8 19.9+10.9 6.7 32.7 51.4 95.8
F100C− 24.9+0 8.3 78.5 131.8 56.9 24.9+0 6.6 32.3 61.5 88.0
DS 2004/2005 WS 2005
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Phosphorus concentrations in the grain from the F0C-, F0C+ and F20C+ 
plots were significantly lower than those from the F60C+, F80C+ and 
F100C- plots in the wet season (Table 3). Phosphorus concentrations of 
straw in the wet season were in the same order as the P fertilizer rates, 
although there were no significant differences because of a large analytical 
error and lack of sufficient data. Phosphorous concentrations in the dry 
season did not differ among treatments for either grain or straw. Internal P 
efficiencies (Table 4) were lower than the average for irrigated lowland rice 
in tropical and subtropical Asia (354 kg kg-1). 
Grain and straw K concentrations did not differ significantly among the 
treatments in the dry and wet seasons, respectively (Table 3). Internal K 
efficiencies in the wet season were higher than the average irrigated lowland 
rice efficiencies in tropical and subtropical Asia (64 kg kg-1, n ≈ 700), and in 
the dry season the efficiencies were similar (Table 4). 
 
2.5.4 Nitrogen and Carbon in soil and physical properties of soil 
The 12 consecutive RSC applications over 6.5 years did not lead to 
significant differences in total C and total N in the soil compared with the 
treatments without the application of RSC. The average total C 
concentrations in dry soil at 0−5 cm, 5−10 cm and 10−20 cm were 35.8, 31.9 
and 26.6 g kg-1, respectively (Table 5). The average total N concentrations in 
the dry soil at 0−5 cm, 5−10 cm and 10−20 cm were 3.45, 3.14 and 2.55 g kg-1, 
respectively (Table 5). 
The soil in the F0C− and F100C− treatments was harder after the 
harvest of the 13th cultivation compared with F0C+ and F40C+ treatments. 
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The soil resistance in F0C− was significantly (P<0.05) higher than that of 
F0C+ and F40C+ at 10−16 cm below the soil surface (Figure 3). Bulk 
densities of F0C− and F100C− at 10−20 cm below the soil surface were 
higher than the bulk densities of F40C+ (Table 6). Therefore, repeated RSC 
application significantly affected physical properties of the soil. 
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Table 2.5 Total carbon and nitrogen in the soil after 12 consecutive rice 
straw compost applications† 
 
   
0-5cm 5-10cm 10-20cm 0-5cm 5-10cm 10-20cm
F0C− 34.1 ± 1.3 31.5 ± 1.7 28.4 ± 1.7 3.31 ± 0.14 3.10 ± 0.23 2.70 ± 0.36
F0C+ 34.9 ± 2.8 32.2 ± 1.4 28.0 ± 1.4 3.40 ± 0.27 3.19 ± 0.18 2.68 ± 0.13
F20C+ 34.3 ± 1.1 31.0 ± 2.1 24.8 ± 6.2 3.26 ± 0.08 3.04 ± 0.21 2.37 ± 0.60
F40C+ 37.9 ± 3.0 33.3 ± 2.3 27.3 ± 1.3 3.60 ± 0.29 3.26 ± 0.19 2.56 ± 0.13
F60C+ 36.3 ± 1.2 31.0 ± 1.8 24.6 ± 0.6 3.52 ± 0.10 3.07 ± 0.18 2.41 ± 0.04
F80C+ 38.3 ± 1.1 31.5 ± 3.8 25.8 ± 6.0 3.65 ± 0.13 3.09 ± 0.35 2.50 ± 0.69
F100C− 34.7 ± 0.4 32.8 ± 1.4 27.4 ± 2.9 3.39 ± 0.01 3.24 ± 0.12 2.62 ± 0.26
Total-C (g kg-1) Total-N (g kg-1)Treatment
†No significant difference among treatments (0−5, 5−10 and 10−20 cm). Data are means ± standard 
error (n = 3). F0C−, no compost with no fertilizer; F0C+, compost with no fertilizer; F20C+, F40C+, 
F60C+, F80C+, 20, 40, 60 and 80 % of the fertilizer application rate with compost, respectively; 
F100C−, full strength fertilizer application as N:P2O5:K2O at 100:30:30 kg ha-1 in the dry season and 
80:30:30 kg ha-1 in the wet season without compost.
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Figure 2.3 Soil penetration resistance in the experimental field after 13 
seasons of rice cropping. Error bars are standard error and are shown 
every 3cm. F0C−,  no fertilizer and compost; F0C+, compost with no 
fertilizer; F40C+, 40% of the fertilizer application rate with compost; 
F100C−, full strength fertilizer application as N: P2O5: K2O at 100:30:30 
kg ha-1 in the dry season and 80:30:30 kg ha-1 in the wet season without 
compost.  
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Table 2.6   Bulk density of the soil after the 13th cultivation  
0-10 cm 10-20 cm
F0C− 0.99 ± 0.07 a 1.22 ± 0.05 c
F0C+ 0.96 ± 0.08 a 1.11 ± 0.05 ab
F40C+ 0.94 ± 0.08 a 1.08 ± 0.07 a
F100C− 0.95 ± 0.08 a 1.15 ± 0.07 b
Data are mean ±standard error (n = 18). Values in a column followed by the same letter 
are not significantly different using a Tukey’s multiple comparison (P < 0.05). F0C −, no 
fertilizer  and compost; F0C+, compost with no fertilizer; F40C+,  40 % of the fertilizer 
application rate with compost; F100C−, full strength fertilizer application as N:P2O5:K2O 
at 100:30:30 kg ha-1 in the dry season and 80:30:30 kg ha-1 in the wet season without 
compost.  
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2.6 Discussion 
The yields of F40C+, F60C+, F80C+ and F100C- were not significantly 
different in the wet season, whereas in the dry season, the yield of F20C+, 
F40C+, F60C+, F80C+ and F100C− were not significantly different. The 
yield stopped responding to chemical fertilizer input at a low application rate, 
and the maximum yield was lower than the average yield of the Co Do 
district where the experimental field is located (the average yield of Co Do 
district in Can Tho City from 2000 to 2004 was 3.9 Mg ha-1 in the wet season 
and 6.4 Mg ha-1 in the dry season [General Statistics Office Vietnam, 2006]). 
The experimental field was converted into paddy field from wetland in late 
1970s. A lower yield was common for the experimental field at CLLRI; 
however, what limited the rice yield was not determined. 
The concentrations of N in the rice straw increased in response to N 
fertilizer input. Internal N efficiencies with F80C+ (38.9 kg kg-1) and F100C- 
(37.2 kg kg-1) were lower than those in the other treatments in the 2004/2005 
dry season. Although applied N was assimilated into the rice, it did not 
contribute to increase in the yield. It was clear that the low ceiling of the 
yield was not caused by N. 
Internal P efficiencies in F0C- and F0C+ (306−376 kg kg-1) were higher 
than those in F40C+, F60C+, F80C+ and F100C− (218−254 kg kg-1) (Table 4). 
Rice yield at F0C− significantly decreased with time and the application of 
RSC significantly increased rice yield in the wet season. Previous studies 
conducted in an experimental field close to the experimental field used for 
this study showed that the soil was deficient in P and that yield in the wet 
season declined with time without P application (Tan et al. 1995, Witt et al. 
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2004). Phosphorous inputs as chemical fertilizer and RSC were less than P 
exports in grain and straw for all treatments (Table 4), suggesting that 
available P would have been gradually depleted. It seemed that yields in 
F0C− treatment significantly decreased as a result of serious P deficiency. 
The amounts of assimilated P were higher in the dry than in the wet season. 
The P availability appeared to be higher in the dry than in the wet season 
owing to P supply from sediment in flood water and through an increase in 
soluble P from the development of reducing conditions in the soil during the 
inundation period before the dry season. It appears that rice yield at F0C- in 
the dry season will decrease in the future if this experiment continues. 
Internal P efficiencies in the F40C+, F60C+, F80C+ and F100C− (218−254 
kg kg-1) were lower than 354 kg kg-1, the average in farmers’ field in South 
and South-East Asia (Witt et al. 1999). In addition to results that show that  
the yield did not respond to the application of P in these treatments, it 
appears that the low ceiling of the rice yield was not caused by a shortage of 
P. 
Internal K efficiencies in the wet season were higher than the average 
value of irrigated lowland rice in tropical and subtropical Asia (64 kg kg-1), 
and in the dry season the efficiencies were similar (Table 4). It appears that 
assimilated K in the experimental field was used effectively for grain 
production. In contrast, the yield did not respond to an increase in K input 
beyond F40C+. A previous study conducted in an experimental field close to 
this experimental field showed that K application did not significantly 
benefit rice yield (Tan et al. 1995). It appears that the low ceiling of rice yield 
in the experimental field was not caused by a shortage of K. Potassium 
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inputs as chemical fertilizer and RSC were less than K exports in grain and 
straw for all treatments. The balances were -54.0 to -71.7 kg ha-1 for the dry 
season 2004/2005 and -8.6 to -26.1 kg ha-1 for the wet season 2005 (Table 4). 
Potassium inputs as RSC (6.4 kg ha-1 for the dry season 2004/2005, 10.9 kg 
ha-1 for the wet season 2005) were much lower than K exports in straw 
(47.0−83.8 kg ha-1 for the dry season 2004/2005, 20.7−43.9 kg ha-1 for the wet 
season 2005), showing that a large proportion of the K was lost during 
composting, and such loss is a problem that needs to be solved. Potassium 
loss in soil might be replenished by sediment supplied by annual flooding 
over a large part of the Mekong Delta, including this experimental field 
(Mekong River Commission 1999; Witt et al. 2004). 
Results of this study clearly show that N was not a reason for the low 
rice yield in the experimental field. In addition, neither P nor K was the 
reason for the low yield. It is necessary to consider factor(s) other than N, P 
and K that are limiting rice yield to break through the low ceiling of the yield. 
Although, is was not identified the limiting factor(s), a possible reason for 
low yields is the high sowing rate (Table 1), which induces excessive 
vegetative growth and increases the susceptibility of the crops to diseases 
and some pests. The high sowing rate might partly explain the low ceiling of 
the rice yield. Sowing rates in the Mekong Delta were very high (more than 
100 kg ha-1) until 1990s. Recently, the Vietnam Government recommended 
that farmers reduce the sowing rate. 
It has been reported that higher N concentrations in the plant make rice 
susceptible to rice blast disease (Ohyama, 1985). The higher N 
concentrations in the straw in F80C+ and F100C- treatments appeared to 
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make the rice more susceptible to pests (data not shown), which reduced the 
rice yield to below that in the F40C+ and F60C+ treatments in several 
seasons. Field observations suggested that surplus N caused surplus 
vegetative growth, which might have decreased photosynthetic efficiency 
(data not shown). These results suggest that the present yield from 
recommended fertilizer application (F100C-) can be obtained with N 
fertilizer input lower than the current recommended rate (F100C-) in a field 
like present experimental field. Watanabe and Sumida (2009) showed that 
silicon concentration of the rice straw at F100C- (in the same field where 
present study was conducted) at harvesting was lower than the average 
concentration at F20C+, F40C+, F60C+ and F80C+ in the dry season 
2004/2005 and in the wet season 2007. In addition, the silicon concentrations 
of the rice straw in all treatments from the experimental field were lower 
than the average silicate concentration of rice straw in Japan (Kitada, 2002). 
There is a possibility that silicon availability might have affected rice 
production in the experimental field. 
Cassman et al. (1998) and Pampolino et al. (2008) reported that soil 
organic C and total soil N in a tropical lowland soil increased, despite 
complete removal of all above-ground crop residues. In contrast, Tuyen et al. 
(2006) reported that soil organic matter decreased in a long-term 
experimental field where rice straw had been removed for 34 seasons (17 
years) at the CLRRI (the same field station at which this experiment was 
undertaken). The RSC was applied to the experimental field at 6 Mg ha-1 
which was equivalent to 0.35 Mg ha-1 of organic C. Although, the total C 
concentrations after the 12 consecutive RSC applications were not 
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significantly different among the treatments, significant differences were 
detected for soil penetration resistance and bulk density between the plots 
with RSC application and without RSC application. It is necessary to 
continue the observation about the cumulative effects of RSC application on 
soil properties. 
Recycling of rice straw into paddy fields reduces the requirement for 
chemical fertilizer (Doberman and Fairhurst 2000). Dawe et al. (2003) 
analyzed yield trends in seven long-term experiments in Asia where rice was 
cultivated twice per year and concluded that application of either manure or 
straw did not improve yield trends. This experiment was not designed to 
clarify whether RSC application reduces the requirement for chemical 
fertilizer. However, the results showed that RSC application did not 
significantly affect the yield trends. The results showed that more than half 
of the N, P and K in rice straw were lost during the composting process (Data 
not shown). Rice straw from the experimental field was kept under vinyl 
sheet after harvest. Rice straw was heaped 1.5 months before the start of rice 
cultivation and watered it to make the RSC. The heap was left in a corner of 
farmyard without a roof. The nutrient loss from the straw between harvest 
and the time of RSC application needs to be reduced by improving the 
composting methods used. 
 Results of this study show that RSC application increased rice yield in the 
wet season in the field where chemical fertilizer was not applied, and that 
RSC application kept the soil softer than the soil without the application of 
RSC. 
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 CHAPTER 3 
COMBINED EFFECTS OF CONTINUAL APPLICATION OF 
COMPOSTED RICE STRAW AND CHEMICAL FERTILIZER 
ON RICE YIELD UNDER DOUBLE RICE CROPPING 
SYSTEM IN THE MEKONG DELTA, VIETNAM 
 
 
3.1 Summary 
I conducted a 12-year field experiment to study the combined effects of rice 
straw compost and chemical fertilizer application on a double rice-cropping 
system in the Mekong Delta, Vietnam. Seven treatments were established by 
using a randomized block design with 3 replications. I calculated yields of 
the treatments relative to that of conventionally fertilized plots (i.e., without 
the addition of rice straw compost), and analyzed their annual trends. In the 
plots with rice straw compost, a positive trend over 12 continuous wet 
cropping seasons was observed. In comparison with conventional 
fertilization, application of rice straw compost with a reduced amount of 
chemical fertilizer is able to maintain rice productivity over a longer period. 
The nutrient status of the rice straw at harvest was observed over 4 cropping 
seasons. It was observed that the Si concentration of the rice straw in 
conventionally fertilized plots was significantly lower than that in the plots 
where rice straw compost was applied. The N, P and Mg concentrations of 
the rice straw increased with fertilizer application rate. The concentrations 
of K, Ca, Mn, Fe, Zn, and Cu did not significantly differ among treatments. 
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The obtained results suggest that the continuous removal of rice straw may 
reduce Si availability in soil and likely decrease rice productivity. 
 
3.2 Introduction 
    In order to develop practical soil fertility management options for rice 
farmers in the Mekong Delta, it is necessary to clarify whether the 
conventional farmers’ practice is sustainable or not. If not, it is necessary to 
identify why the present practice is not sustainable. In chapter 2, it was 
clarified that the continuous application of rice straw compost has some 
positive effects on rice yield as well as soil physical properties. However, the 
continuous application of the rice straw compost (RSC) did not increase the 
rice yield above the conventional method solely depends on chemical 
fertilizer without RSC. The field experiment in the Chapter 2 was continued 
to clarify the effects of RSC application from long-term viewpoints of rice 
productivity and nutrient diagnosis. The nutrient imbalance may lead to 
reduction in yield (Yoshida 1981; Dobermann et al. 2000). Manure and 
compost could supply these nutrients. 
 
3.3 Objectives 
In this study, I compared annual rice yield trends between plots 
fertilized with chemical fertilizer alone and plots fertilized with a 
combination of RSC and chemical fertilizer. Nutrients such as nitrogen (N), 
phosphorus (P), potassium (K), silicon (Si), calcium (Ca), magnesium (Mg), 
manganese (Mn), iron (Fe), zinc (Zn) and cupper (Cu) of the rice straw were 
determined to evaluate the combined effects of the RSC and chemical 
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fertilizer. 
3.4 Materials and Methods 
3.4.1 Experimental design 
The experiment was conducted in an experimental field at the Cuu Long 
Delta Rice Research Institute (CLRRI, Thoi Lai District, Can Tho City, 
Vietnam, 10°08’N, 105°35’E). Long-term studies on the effects of rice straw 
compost application were initiated during the 2000 wet season (Watanabe et 
al. 2009). The rice crop was cultivated twice per year, during the wet and dry 
seasons. The wet season crop was planted in April or May, while the dry 
season crop was planted in November or December. The crop variety used, 
method of sowing and the seed rate are summarized in Table 1. 
 Throughout the experiment, the rice variety of OM4900 (growth 
duration of 95−100 days) was directly sown using a row seeder planting 
machine. 
Seven treatments were established using a randomized block design 
with 3 replications. 
(1)  F0C− (or control): (0 N: 0 P2O5:0 K2O) 
(2)  F0C+: RSC (6 Mg ha-1)  
(3)  F40C−: 40% NPK (32 or 40 N: 12 P2O5: 12 K2O kg ha-1) 
(4)  F40C+: RSC (6 Mg ha-1) + 40% NPK (32 or 40 N: 12 P2O5: 12 K2O kg ha-1) 
(5)  F60C−: 60% NPK (48 or 60 N: 18 P2O5: 18 K2O kg ha-1) 
(6)  F60C+: RSC (6 Mg ha-1) + 60% NPK (48 or 60 N: 18 P2O5: 18 K2O kg ha-1 
(7)  F100C−: 100% inorganic fertilizer (wet season: 80 N: 30 P2O5: 30 K2O kg 
ha-1 and dry season: 100 N: 30P 2O5: 30 K2O kg ha-1)  
Each plot covers an area of 30 m2 (5m x 6m). Treatment F100C− was 
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based on the conventional farming practice in the region. The RSC (only 
made from the rice straw grown in the experimental field) and phosphorus 
(P) fertilizer (single superphosphate) were mixed into soil at the time of 
cultivation before sowing of the rice seed. The N fertilizer (urea) was split 
into three applications: one-third was broadcast at 10, one-third was 
broadcast at 20 and one-third was broadcast at 30 days after sowing (DAS). 
The potassium (K) fertilizer (potassium chloride) was split into two 
applications: half was broadcast at 10 DAS and half was broadcast at 30 
DAS. Treatments F0C−, F0C+, F40C+, F60C+ and F100− were initiated 
during the 2000 wet season. Before 2009/2010 dry season, the F40C− and 
F60C− treatment plots were fertilized with RSC (6Mg ha-1) + NPK (16:6:6 or 
20:6:6 N:P2O5:K2O kg ha-1) and RSC (6Mg ha-1) + NPK (64:24:24 or 80:24:24 
N:P2O5:K2O kg ha-1), respectively. The field layout and experimental details, 
including N fertilizer rates and soil site characteristics, were described in 
Watanabe et al. (2009). Rice straw was cut and removed from the field after 
harvest. Pest management practices followed the standard practices of 
CLRRI. 
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Table 3.1 Cultivated rice varieties, the seedling rates  
and the methods of sowing 
 
Duration† Variety
Seeding rate
(kg ha-1)
Method of
sowing
2000WS ～ 2004/2005DS IR64 200 Broad casting
2005 WS IR64 150 Broad casting
2005/2006DS ～ 2008WS OM2517 100 Row seeding
2008/2009DS ～ 2011WS‡ OM4900 100 Row seeding
† Rice was not cultivated in the dry season 2003/2004.  ‡ Two treatments were changed 
from the wet season 2009/2010. WS, wet season; DS, dry season.   
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3.4.2 Yield, yield components and harvest index measurement and statistical 
analysis of relative yield trends  
Yield was determined from sampling area for harvest (2.5 m x 2 m) 
within each plot at harvest. Panicle number and rice straw biomass were 
measured for four sampling areas (0.5 m x 0.5 m each) within each plot at 
harvest. Harvest index was calculated from the yield and the rice straw 
biomass. Spikelet per panicle, filled grain (%) and 1000 grain weight was 
measured from 40 panicles randomly selected within each plot. 
 The cultivars and sawing method changed during the experiment, and 
therefore annual changes in yield could not be directly analyzed. To evaluate 
annual trends in rice yield, as affected by the crop varieties used and 
weather variables, the relative yields were calculated by using the following 
formula: 
(Yield of each treatment in each crop) / (Yield of F100C−§) x100          (1) 
§: Average yield of the triplicate F100C− treatment plots for each crop 
The annual trends of yields relative to that of F100C− treatment, for the 
4 treatments (F0C−, F0C+, F40C+, and F60C+) during the wet and dry 
seasons, were statistically analyzed using Excell Tohkei 2008 (SSRI, Tokyo, 
Japan). 
 
3.4.3 Nutrient measurement in plants 
  The rice straw at the harvest was sampled from the 2009/2010 dry season 
to the 2011 wet season. The samples were dried at 70 Cº for 3 days, and 
ground. The N content was determined by means of an NC analyzer 
(Sumigraph NC-220F; Sumika chemical Analysis Service, Osaka Japan). Si 
39 
 
was solubilised using dilute hydrofluoric acid extraction, and determined by 
means of the molybdenum colorimetric method (Saito et al., 2005). The 
concentrations of P, K, Ca, Mg, Mn, Fe, Zn and Cu were determined by 
means of the inductively couples plasma (ICP) (ICPE-9000; Shimadzu, 
Kyoto), after digestion with a mixture of nitric acid and hydrogen peroxide 
using a microwave digester (Mls 1200 mega; Milestone, Sorisole, Italy). 
 
3.5 Results 
The rice yields from the 2009/2010 dry season to the 2011 wet season are 
shown in Figure 1. During the 2 wet seasons, the yields of the F40C+ and 
F60C+ treatments (4.54 – 4.69 Mg ha-1) were significantly higher than those 
of other treatments. During the 2009/2010 dry season, there was no 
significant differences among treatments, except F0C− treatment. By 
contrast, during the 2010/2011 dry season, the yields for the F40C+ and 
F60C+ treatments (7.09 Mg ha-1 and 7.48 Mg ha-1) were significantly higher 
than those for the F0C−, F0C+, F40C−, F100C− treatments. The yield 
components and the harvest indexes from the 2009/2010 dry season to the 
2011 wet season are shown in Table 2. 
The relative yields of the F0C+, F40C+ and F60C+ treatments during the 
wet season increased significantly over time (Figure 2). The relative yields 
for all of the treatments during the dry season showed no significant changes 
over time, probably because of abnormal results during the 2002/2003 season, 
when rice blast disease heavily affected rice growth and yield; this was 
especially true for in the F100C− treatment, which was used as the 
denominator for relative yield calculation. When the data for the 2002/2003 
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season were excluded, a significant increases in yield over time were 
recorded for the F0C−, F0C+, F40C+ and F60C+ treatment (Figure 3). 
The N, P and Mg concentrations of the rice straw increased in response 
to the chemical fertilizer dosage (Figure 4, 5 and 6). On the other hand, the 
Si concentration of rice straw from the F100C− treatment plots was 
significantly lower than those from the F0C+, F40C+ and F60C+ treatment 
plots (Figure 7). The concentrations of K, Ca, Mn, Fe, Zn, and Cu did not 
differ significantly among treatments; therefore, only the average and 
standard errors of these nutrients for each crop are shown in Table 3. 
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Figure 3.1 Rice yields from the different fertilizer managements. Data 
with same alphabet is not significantly different (Tukey p<0.05). 
+RSC and -RSC mean the treatments that the rice straw compost was 
applied and not applied, respectively. 
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 Table 3.2  Yield components and harvest index   
 
Values in a column followed by the same letter are not significantly different using a Tukey's
multiple comparison (P<0.05). DS, dry season; WS, wet season.
2009/2010
DS
2010/2011
DS
2010 WS 2011 WS 2009/2010
DS
2010/2011
DS
2010 WS 2011 WS
Spikelet/Panicle
F0C- 407a 386b 373b 369b 75c 78e 60d 63b
F0C+ 427a 415ab 379b 380ab 84bc 84d 74cd 69b
F40C- 407a 319ab 418ab 413ab 97ab 94c 83bc 88a
F40C+ 400a 420ab 448a 451a 98ab 103a 103a 96a
F60C- 421a 432a 414ab 435ab 100a 102a 101a 101a
F60C+ 426a 429a 441a 446a 105a 102a 105a 105a
F100C- 429a 435a 428a 428ab 95b 98b 95ab 90a
1000 grain weight (g)
F0C- 71a 74a 68a 69a 29.2a 29.0d 27.4c 27.5b
F0C+ 72a 74a 67a 69a 29.2a 29.1cd 27.6bc 27.6b
F40C- 71a 74a 67a 67b 29.6a 29.3ab 27.9b 27.9b
F40C+ 72a 74a 67a 68b 29.1a 29.3a 28.9a 28.6a
F60C- 72a 72b 62a 65d 29.2a 29.3ab 27.6c 27.6b
F60C+ 71a 74a 65a 66c 29.1a 29.3ab 28.9a 28.8a
F100C- 72a 71b 62a 64d 29.3a 29.2bc 27.5bc 27.5b
F0C- 0.42ab 0.50a 0.30ab 0.38abc
F0C+ 0.45a 0.48a 0.33ab 0.42a
F40C- 0.43ab 0.45a 0.31ab 0.36bc
F40C+ 0.44ab 0.48a 0.32ab 0.39ab
F60C- 0.41ab 0.48a 0.30ab 0.34cd
F60C+ 0.41ab 0.48a 0.35a 0.36bc
F100C- 0.38b 0.43a 0.28b 0.31d
Pancle number/m2
Filled grain (%)
Harvest index
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Figure 3.2 Annual changes in relative yields in the wet season. ¶: (Yield of 
each treatment) / (Yield of F100C−) x100.  * and *** means the slopes of 
the regression lines were significantly different from zero (p<0.05 and 
0.001, respectively). 
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Figure 3.3 Annual changes in relative yields in the dry season. ¶: 
(Yield of each treatment) / (Yield of F100C−) x100.  *, ** and *** 
means the slopes of the regression lines were significantly different 
from zero (p<0.05, 0.01 and 0.001, respectively). The 3rd year data 
(shown by △) was excluded from the calculation of the regression 
line and the statistical analysis. 
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Figure 3.4 Nitrogen concentrations in rice straw at harvest from the 
different fertilizer managements. Bars mean standard errors. +RSC and 
-RSC mean the treatments that the rice straw compost was applied and 
not applied, respectively. 
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Figure 3.5 Phosphorus concentrations in rice straw at harvest from the 
different fertilizer managements. Bars mean standard errors. +RSC 
and -RSC mean the treatments that the rice straw compost was 
applied and not applied, respectively. 
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Figure 3.6 Magnesium concentrations in rice straw at harvest from the 
different fertilizer managements. Bars mean standard errors. +RSC 
and -RSC mean the treatments that the rice straw compost was applied 
and not applied, respectively. 
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Figure 3.7 Silicon concentrations in rice straw at harvest from the 
different fertilizer managements. Data with same  alphabet is not 
significantly different (Tukey p<0.05). +RSC and -RSC mean the 
treatments that the rice straw compost was applied and not 
applied, respectively. 
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Table 3.3 Average concentrations of K, Ca, Mn, Fe, Zn and Cu 
 in the rice straw 
 
2009/2010 DS 2010/2011 DS 2010 WS 2011 WS
K (g kg-1) 20.9 (0.39) 16.5 (0.32) 17.2 (0.38) 15.5 (0.22)
Ca (g kg-1) 4.9 (0.17) 4.0 (0.18) 3.3 (0.06) 3.6 (0.18)
Mn (mg kg-1) 600 (14) 718 (29) 769 (29) 611 (35)
Fe (mg kg-1) 377 (14) 630 (40) 488 (29) 318 (16)
Zn (mg kg-1) 32 (0.8) 32 (0.8) 37 (0.9) 31 (1.0)
Cu (mg kg-1) 22 (1.6) 17 (0.8) 16 (1.2) 11 (0.5)
Data in the blankets is standard error. DS, dry season; WS, wet season. 
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3.6 Discussion 
Significant increases in the relative yields over time for the F0C+, F40C+ 
and F60C+ treatments were observed, in the wet and dry seasons. These 
results indicate a gradual decrease in soil fertility for the F100C− treatment 
or a gradual increase in soil fertility for the F0C+, F40C+ and F60C+ 
treatments. The significant increases in relative yields over time are most 
likely caused by repeated application of RSC. The relative yield in F0C− 
increased over time in the dry season while it did not significantly change in 
the wet season. Further study is necessary to clarify the reason of it. 
In comparison with the dry season, rice yields in the wet season were 
much lower. The very low harvest indexes for the wet season crops (Table 2) 
strongly suggest a probable disorder in the rice plant during the wet season. 
The N and P concentrations in the rice straw increased with the fertilizer 
application rate (Figure 4 and 5) but were not correlated with the yield 
increase. These results are in accordance with those of previous study 
(Chapter 2, Watanabe et al., 2009). The concentrations of K, Ca, Mn, Fe, Zn, 
and Cu did not differ significantly among treatments (Table 3), suggesting 
that these elements may not be critically involved in the yield determination 
processes. 
In comparison with the optimum N concentration range of rice straw at 
maturity, which is proposed by IRRI to be 6 to 8 g/kg (Dobermann and 
Fairhurst, 2000), the N concentration for the F100C− treatment was higher, 
while those for the F40C+ and F60C+ treatments were either within the 
optimum range, or slightly higher. The P concentration for the F100C− 
treatment was within the optimum range (1.0-1.5 g kg-1), while those for the 
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F40C+ and F60C+ treatments were lower. The K, Mg and Ca concentrations 
for the all treatments were close to the optimum range (15-20 g kg-1, 2-3 g 
kg-1 and 3-5 g kg-1, respectively). The Cu concentrations for the all 
treatments were above the critical level (6mg kg-1). No optimum or critical 
rages for Mn, Fe and Zn are defined by IRRI. These results indicate that 
farmers in the Mekong Delta are able to reduce N and K fertilization rate 
below the conventional application rate. Dobermann and Fairhurst (2000) 
showed that the critical level of Fe toxicity for young leaves, from the 
tillering to the panicle initiation stage, should be approximately 300 to 500 
mg kg-1. My present data regarding Fe concentrations were derived from a 
different growth stage; nevertheless, it is reasonable to suspect potential Fe 
toxicity in the field, because the Fe concentrations ranged from 318 mg kg-1 
to 630 mg kg-1. 
The Si concentrations for the F100C− treatments, where the rice straw 
had been removed, were significantly lower than those for the F0C+, F40C+ 
and F60C+ treatments (Figure 7). The filled grain (%), 1000 grain weight 
and harvest index of the F100C− treatment tended to be lower than those of 
the F40C+ and F60C+ treatments. The low yield for the F100C− treatment 
during the 2002/2003 dry season, which was caused by rice blast disease, 
increased the relative yields of the remaining treatments and distorted the 
annual yield trends. The higher N and lower Si concentrations of the rice 
straw for the F100C− treatment appear to have made the rice more 
susceptible to rice blast disease (Hayasaka et al., 2008; Yoshino et al., 1987). 
Sumida (1992) reported that Si contents of rice leaf blades negatively 
correlated with N contents. As a consequence of higher N application, and 
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continuous removal of rice straw without RSC application, an imbalance 
between N and Si for the F100C− treatment may have led to increases in 
relative yields over time for the F0C+, F40C+ and F60C+ treatments. The 
lower yields for the F40C− and F60C− treatments in comparison with the 
F40C+ and F60C+ treatments (Figure 1) suggest that this imbalance cannot 
be corrected solely by adjustment of the N fertilizer application rate. 
Although not generally considered as an essential element, Si is often 
beneficial for rice (Ando et al., 2002; Heinai et al., 2005; Mori and Fujii, 2009). 
The Si concentrations of our rice straw samples (average 42.9 mg kg-1) were 
lower than the critical concentration (< 50mg kg-1) (Dobermann and 
Fairhurst, 2000) and also the typical concentrations reported in Japan 
(Kitada, 2002). Si has been reported to an some important role in rice 
growth; however, its physiological functions are not clearly understood. Si is 
known to be required for the development of strong leaves, stems, and roots. 
The formation of a thick silicated epidermal cell layer reduces the 
susceptibility of rice plants to fungal and bacterial diseases (Hayasaka et al., 
2008), and also to insects (stem borers, plant hoppers) and mite pests. Rice 
plants with an adequate supply of Si have erect leaves; this contributes to 
more efficient radiation use and N use (Ando et al., 2002; Dobermann and 
Fairhurst, 2000).  
Taken together, these results suggest that continuous removal of rice 
straw may reduce the Si availability in soil, thereby decreasing rice 
productivity. This causal relationship remains to be confirmed; nevertheless, 
my results indicate that, in comparison with conventional fertilization, 
application of RSC with a reduced amount of chemical fertilizer is able to 
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maintain rice productivity over a longer period. 
Dawe et al. (2003) analyzed yield trends in seven long-term experiments 
in Asia, where the rice was cultivated twice a year, and concluded that the 
application of manure or straw failed to improve yield trends. The results of 
this study contradict their conclusion. Watanabe et al. (2009) reported a 
significant effect of RSC application on soil physical properties (Chapter 2). 
RSC application was shown to maintain soils in a softer state, i.e., with a 
lower bulk density, than that of soils without RSC. However, the increase in 
the relative yields for the F0C+, F40C+ and F60C+ treatments in experiment 
may not have been caused exclusively by organic matter amendment. Savant 
el al., (1997) suggested that intensive rice cultivation where straw is 
removed may deplete plant-available Si, and that this may be one of major 
causes of yield decline in continuous rice cropping without return of rice 
straw residues. If the relative yield trend in this study was caused by a 
decrease in available Si for the F100C− treatment, it may be possible to 
compensate this by application of Si as a chemical fertilizer. Further studies 
to clarify the effect of Si application are required. 
RSC has been shown to be effective for increasing long-term rice 
productivity, but its preparation requires considerable labour input. Direct 
application of rice straw without a composting process should reduce the 
labour cost for the production and application of RSC. However, such direct 
application may have negative impacts, such as an increase in soil redox 
status (Baba, 1995), and stimulation of methane emission (Naser et al., 
2007). Biomass issues are receiving considerable attention globally, from 
agricultural scientists. Therefore, the effective use of rice straw as a biomass 
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resource is being considered in many rice-producing countries. We need to 
clarify whether the positive effect of RSC on rice productivity can be 
alternated by other cheaper materials. 
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CHAPTER 4 
MEASUREMENT OF AMMONIA VOLATILIZATION FROM 
FLOODED PADDY FIELDS IN VIETNAM 
 
4.1 Summary 
Nitrogen (N) loss through ammonia volatilization from paddy fields at 
three sites in Vietnam was measured using the dynamic chamber method. 
Two sites were located in northern Vietnam and volatilization was measured 
in the summer and spring. The third site was in the Mekong Delta region in 
southern Vietnam and volatilization was measured in the dry and wet 
seasons. Urea was applied at 20–40 kg N ha-1 as a split application and a 
total of 80–100 kg N ha-1 was applied in the cropping season. Peaks in the 
NH3 flux were observed at 1 or 3 days after the application of urea, followed 
by a sharp decline to generally less than 1 mg N m-2 h-1 within 9 days. The 
estimated N losses by NH3 volatilization during the first 10-day period after 
fertilizer application and throughout the cropping period were 0.5–19.7% 
and 1.7–14.6% of the applied N, respectively, indicating that NH3 
volatilization was a significant pathway of N loss from these Vietnamese 
paddy fields. 
 
4.2 Introduction 
In chapter 2 and 3, a series of study was conducted how organic and 
chemical fertilizer application practices affect on rice yield from long-term 
viewpoints on rice productivity in the Mekong Delta. In this chapter it was 
studied how nitrogen fertilization to paddy field affects nitrogen flows 
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especially ammonia volatilization in paddy field in Vietnam including the 
Mekong Delta. 
There is a wide spread of accelerated mobilization and re-distribution 
of nitrogen (N) to downwind and downstream environments in the Asian 
region, associated primarily with intensive crop production and animal 
husbandry systems (Galloway 2000). Nitrogen fertilizer consumption in 
South-East Asia has steadily increased as agricultural systems have 
intensified. Although paddy fields act as a sink for N in general, N lost 
through ammonia (NH3) volatilization from paddy fields can be a source of N 
load to the environment in this region. Nitrogen flows and balance need to be 
precisely determined by monitoring and modeling approaches; and these 
approaches will help to develop farming systems that are more 
environmentally friendly.  
Rice is the most important cereal crop in monsoon Asia (Kyuma 2004). 
In Vietnam, rice is cultivated on over 7.3 million ha (planted area), and 
annual production in 2005 was 35.8 million Mg (General Statistics Office, 
Vietnam 2007). 
Nitrogen flow monitoring in agricultural production systems is useful 
for evaluating system sustainability (Hatano et al. 2002; Kimura et al. 2004; 
Matsumoto et al. 2000; Mishima 2002). Minimizing the N load to the 
environment through increased efficiency of N utilization is one way of 
achieving sustainability in the agricultural systems. NH3 volatilization is 
considered to be an important pathway of N loss from fertilized flooded 
paddy fields and has been examined for a long time (Vlek and Craswell 1981), 
but only at a few sites in South-East Asia. The importance of NH3 
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volatilization and a N loss mechanism has not been studied in Vietnam. It is 
unavoidable to study nitrogen loss by NH3 volatilization and nitrogen 
balance in paddy fields. The micrometeorological method, which has been 
widely used to measure NH3 volatilization, requires large, uniform 
experimental plots (e.g. a circular plot with a 25 m radius) (Freney et al. 
1985; Cai et al. 1986; Fillery et al. 1986). This requirement makes 
measurement difficult because, in general, only small paddy fields are 
available for field study in most the Asian regions. Hayashi et al. (2006) 
developed a dynamic chamber method to measure NH3 volatilization that is 
relatively simple and does not require a large plot. The method should suit 
the conditions of Asian paddy fields.  
Ammonium concentration, pH, water temperature and wind velocity 
are the primary factors that strongly affect NH3 volatilization from water 
surface (Freney et al. 1985; Jayaweera and Mikkelsen 1991). A number of 
models have been developed using these factors as the input data to estimate 
NH3 volatilization (Freney et al. 1985; Jayaweera and Mikkelsen 1990). 
Further development of the models is required to enable them to be applied 
at a range of sites for the estimation of NH3 volatilization. Datasets need to 
be generated to confirm the adaptability of the models for accurate 
estimation of NH3 volatilization at various scales from a plot to a region 
and/or country. 
 
4.3 Objectives 
In the present study, NH3 volatilization losses from paddy fields in 
Vietnam were measured using the dynamic chamber method (Hayashi et al. 
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2006). The ammonium concentration, pH and temperature of floodwater in 
the paddy fields were measured along with a measurement of NH3 
volatilization. 
 
4.4 Materials and Methods 
 
4.4.1 Experimental Fields 
The experiments were conducted at three locations: Mid Land 
Experimental Center of the National Institute for Soils and Fertilizers (Hiep 
Hoa District, Bac Giang Province; 21°21’N, 106° 02’E) (BG), Hanoi Rice Seed 
Production Center (Phuc Tho District, Hanoi City, 21° 07’N, 105° 31’E) (HN) 
and Cuu Long Delta Rice Research Institute (Co Do District, Can Tho City; 
10° 08’N, 105° 35’E) (CT). 
The soil at the experimental field at BG was Typic Plinthaquults, at 
HN it was Typic Endoaquepts and at CT it was Fluvaqentic Humaquepts 
(Soil survey staff, 2010). 
In northern Vietnam, where BG and HN are located, the four seasons 
are spring, summer, autumn and winter. The spring rice cultivation starts in 
January–March and summer rice cultivation starts in June–July. In 
southern Vietnam, where CT is located, the seasons are two seasons, a rainy 
season (mid-May–October) and a dry season (November–mid-May). 
At BG, in the 2007 summer season (BG-sum), rice (Oryza sativa) was 
transplanted in two plots (each 10 m x 10 m). Farmyard manure (FYM) (10 
Mg ha-1 fresh weight) was added to one plot (+FYM), but not to the second 
plot (-FYM). At BG, in the 2008 spring season (BG-spr), rice was cultivated 
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in a plot (10 m x 10 m) without FYM. At HN, rice was cultivated in the 
summer season of 2008 (HN-sum) and in spring 2009 (HN-spr) in a plot (10 
m x 10 m) where FYM (6 Mg ha-1 fresh weight) was applied in both seasons. 
At CT, rice was cultivated in the dry season 2006-2007 (CT-dry) in one plot (5 
m x 6 m) and in the 2007 wet season (CT-wet) in two plots (5 m x 6 m each). 
The choice of direct seeding or transplanting and the schedule and rate 
of N application for each rice culture followed the customary practices in 
each area and each season (Table 1). In northern Vietnam, most farmers 
apply FYM to their paddy fields and transplanting is common. In the 
Mekong Delta (southern Vietnam), most farmers do not apply FYM to their 
paddy fields and direct seeding is common. Basal N fertilizer application is 
uncommon and N is applied in three top-dressings in both the regions. 
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Table 4.1  Season, number of treatment replicates in the field, the 
measurement, cultivar, sowing and transplanting date, and the schedule and 
rate of nitrogen application for each measurement of NH3 volatilization from 
paddy field 
 
 
BG-sum BG-spr HN-sum HN-spr CT-dry CT-wet
Season Summer Spring Summer Spring Dry Wet
Treatment 2† 1 1 1 1 1
No. Field replication 1 1 1 1 1 2
Measurement replicat2 3 3 3 1 1
Cultivar Khang Dan Khang Dan Khan Dan Khan Dan OM 2517 OM 2517
Sowing date‡ − − − −  7 Dec. 2006 13 May 2007
Transplanting date§  26 June 2007  21 Feb. 2008 16 June 2008 21 Jan. 2009 − −
Date of N application¶
1st  26 June 2007 2 March 2008 22 June 2008 4 Feb. 2009 18 Dec. 2006 23 May 2007
2nd 11 July 2007 20 March 2008 7 July 2008 19 Feb. 2009 28 Dec. 2006 2 June 2007
3rd 31-Jul-07 10-Apr-08 21-Jul-08 16-Mar-09 7-Jan-07 12-Jun-07
N application rate    (kg N ha-1)
First 20 20 20 20 33.3 26.7
Second 30 40 30 40 33.3 26.7
Third 30 30 30 30 33.3 26.7
†Farmyard manure (10Mg ha-1) was applied to one treatment and not to the other. ‡Rice was 
seeded onto the field directly at can Tho (CT). §Seedlings were translated at Bac Giang (BG) and 
Hanoi (HN). ¶Urea was broadcasted on the flooded field except for the first application and BG-
sum (Bac Giang in summer). Urea was incorporated into the soil in the first application at 
BG−sum. spr, spring; sum, summer.
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4.4.2 Measurement of NH3 volatilization 
The NH3 volatilization was measured 1, 3, 5 and 9 days after N 
application using the dynamic chamber method (Hayashi et al. 2006). 
Chambers were placed on the paddy field surface without rice plants. Hence, 
NH3 volatilization was determined from the paddy field surface without the 
exchange effect of the rice plants. The NH3 was trapped in a cellulose filter 
impregnated with phosphoric acid (H3PO4) twice per day from 09.00 to 11.00 
hours and from 14.00 to 16.00 hours at BG and HN, and from 09.00 to 11.00 
hours and from 14.30 to 16.30 hours at CT. The number of measurement 
replications is shown in Table 1. Floodwater was sampled at the beginning of 
each NH3 trapping. 
The trapped NH3 and ammonium (NH3 + NH4+) concentrations of the 
floodwater were determined using the indo-phenol blue method. During NH3 
trapping, the floodwater temperature and pH were measured using a mobile 
pH meter (TPX 90i; Toko Chemical Laboratories, Tokyo, Japan). 
 
4.4.3 Estimation of nitrogen loss by volatilization 
The N loss by volatilization over a 10-day period after the application of 
urea (including the day of application) was estimated as follows. It was 
assumed that the average of the morning and afternoon NH3 fluxes (mg N 
m-2 h-1) represented the daytime (12 h) NH3 flux. It has been reported that 
NH3 volatilization fluctuates diurnally (Hayashi et al. 2008, Zhu et al. 1989). 
In their studies, the relative rates of night-time and daytime NH3 flux 
fluctuated, but night-time NH3 volatilization was lower than that in the 
daytime and higher than zero. Night-time (12 h) flux was assumed as half of 
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the daytime flux. Hence, the cumulative NH3 volatilization per day was 
expressed as follows: 
CumFday = 9 (Fmor + Faft)     (1)  
where CumFday denotes the cumulative NH3 volatilization flux per day 
(mg N m-2 d-1), and Fmor and Faft represent the NH3 volatilization flux in the 
morning and in the afternoon (mg N m-2 h-1), respectively. The total N loss by 
volatilization over the 10 days was calculated assuming linear changes 
between two measuring days. 
 
4.5. Results  
 
4.5.1 NH3 volatilization, and the ammonium concentration, pH and 
temperature of the flood water 
The NH3 flux reached its peak at 1 or 3 days after the application of 
urea, and then decreased to less than 1 mg N m-2 h-1 within 9 days (Figure 1). 
In general, 1 day after the application of urea is considered to be the peak 
time for NH3 flux. The peak fluxes in each 10-day observation period after 
the application of N ranged from 1.8 mg N m-2 h-1 (BG-spr, first top-dressing) 
to 18.6 mg N m-2 h-1 (BG-sum, +FYM, second top-dressing). 
 Maximum floodwater ammonium concentrations were reached 1 day 
after the application of urea at BG and HN, but 1 or 3 days after the 
application of urea at CT (Figure 2). After this time the ammonium 
concentrations decreased. The change in the floodwater ammonium 
concentrations paralleled that in the NH3 flux. The maximum concentrations 
after the application of N fertilizer ranged from 7.5 mg N L-1 (HN-sum, first 
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top-dressing) to 39.0 mg N L-1 (HN-spr, second top-dressing). 
The floodwater pH ranged from 6.1 to 9.7 at BG-sum (FYM), from 5.9 
to 9.9 at BG-sum(-FYM), from 7.2 to 9.5 at BG-spr, from 6.6 to 8.4 at HN-sum, 
from 7.4 to 9.0 at HN-spr, from 5.0 to 7.9 at CT-dry and from 3.4 to 6.2 at 
CT-wet (data not shown). 
In the afternoon, the floodwater temperature exceeded 35 °C at BG-sum, 
HN-sum and CT-wet. The floodwater temperature at BG-spr and HN-spr 
was lower than that at BG-sum and HN-sum, and fluctuated mostly between 
20 and 30 °C (data not shown). The average floodwater temperature at the 
time of measurement was 34.9 °C at BG-sum (+FYM), 34.5 °C at BG-sum 
(–FYM), 25.2 °C at BG-spr, 33.4 °C at HN-sum, 24.2 °C at HN-spr, 30.1 °C at 
CT-dry and 35.6 °C at CT-wet. 
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4.5.2 Nitrogen loss by volatilization 
Estimated N losses by NH3 volatilization during the 10 days after the 
application of the fertilizer were 0.1–6.6 kg N ha-1 and losses throughout the 
cropping period were 1.4–14.8 kg N ha-1 (Table 2). It could not be determined 
whether volatilized NH3 originated from fertilizer or from other N sources, 
such as indigenous soil N, or from the irrigation water because control plots 
(i.e. plots in which no N fertilizer was applied) were not prepared. The N 
losses by NH3 volatilization in each of the cropping seasons were equivalent 
to 10.2, 10.2, 5.0, 14.6, 13.3, 14.6 and 1.7% of the applied N at BG-sum 
(+FYM), BG-sum (-FYM), BG-spr, HN-sum, HN-spr, CT-dry and CT-wet, 
respectively. 
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Table 4.2 Estimated nitrogen loss by NH3 volatilization for 10 days after the 
application of nitrogen† 
Site
BG-sum
(+FYM)
(n=2)
BG-sum
(-FYM) (n=2)
BG-spr
(n=3)
HN-sum
(n=3)
HN-spr
(n=3)
CT-dry
(n=1)
CT-wet
(n=2)
First (kg N ha-1)
1.8
(1.8 - 1.9)
1.8
(1.7 - 1.8)
1.1
(1.1 - 1.1)
1.9
(1.9 - 2.0)
3.5
(3.3 - 3.9) 5.9
0.9
(0.8 - 1.1)
Second (kg N ha-1)
4.3
(1.9 - 6.7)
5.0
(4.4 - 5.6)
1.9
(1.9 - 1.9)
5.8
(5.6 - 6.1)
5.1
(4.9 - 5.2) 6.6
0.1
(0.1 - 0.1)
Third (kg N ha-1)
2.1
(1.9 - 2.2)
1.4
(1.4 - 1.5)
1.5
(1.4 - 1.6)
3.9
(3.9 - 4.0)
3.4
(3.3 - 3.6) 2.3
0.3
(0.2 - 0.3)
Total (kg ha-1)
8.2
(5.7 - 10.7)
8.2
(7.6 - 8.8)
4.5
(4.4 - 4.5)
11.7
(11.5 - 11.9)
12.0
(11.5 - 12.4) 14.8
1.4
(1.1 - 1.6)
First (%)‡
9.2
(8.8 - 9.7)
8.8
(8.6 - 9.1)
5.5
(5.3 - 5.7)
9.7
(9.6 - 9.9)
17.4
(16.4 - 19.3) 17.7
3.5
(3.0 - 4.0)
Second (%)‡
14.3
(6.3 - 22.3)
16.6
(14.7 - 18.6)
4.7
(4.6 - 4.8)
19.3
(18.7 - 20.2)
12.7
(12.2 - 13.0) 19.7
0.5
(0.4 - 0.5)
Third  (%)‡
6.9
(6.3 - 7.4)
4.8
(4.7 - 4.9)
4.9
(4.7 - 5.2)
13.1
(13.1 - 13.3)
11.4
(11.0 - 12.0) 7.0
1.3
(0.9 - 1.3)
Total (%)‡
10.2
(7.1 - 13.3)
10.2
(9.5 - 10.9)
5.0
(4.8 - 5.0)
14.6
(14.4 - 14.9)
13.3
(12.8 - 13.8) 14.6
1.7
(1.4 - 2.1)
†Average and range (range is shown in parentheses). ‡Percentage of volatilized NH3 to applied fertilizer N. 
All of the volatilized NH3 was assumed to have originated from the fertilized N. BG, Bac Giang; HN, 
Hanoi; spr, spring; sum, summer.  
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4.6. Discussion 
Data of this study are the first on NH3 volatilization from Vietnamese 
paddy fields. The change in NH3 flux paralleled that in floodwater 
ammonium concentration. The duration of the measurements was adequate 
because NH3 fluxes reached maxima and then decreased to low levels within 
the measurement period. In previous studies, NH3 volatilization has been 
monitored for 3–12 days after N fertilizer application (Cai et al. 1986; Fillery 
et al. 1986; Hayashi et al. 2006; Zhu et al. 1989). 
It has been reported that N losses through NH3 volatilization in paddy 
fields in the Philippines were equivalent to 11, 27 and 47% of applied N, after 
urea was applied at a rate of 40, 60 and 80 kg N ha-1 per application, 
respectively (Fillery et al. 1986). Zhu et al. (1989) reported that 30.1% of the 
applied N fertilizer was lost by volatilization from the paddy fields in China 
after a single application of 90 kg N ha-1 of urea. These NH3 losses were 
estimated without considering NH3 loss from indigenous N sources, similar 
to the estimation of this study. The rates of N loss observed in this study 
(0.5–19.7%, Table 2) were lower than those previously reported. It is 
speculated that these lower N losses results mainly from the low rates of 
fertilizer N at each application (20–40 kg N ha-1, Table 1). It was shown that 
the rate of NH3 volatilization from paddy fields might be lower than 
previously reported, but is still a significant pathway of N loss. 
Denitrification can cause considerable N loss from paddy fields. Fillery 
et al. (1986) compared total N loss that was determined using 15N balance 
methods with the N loss by NH3 volatilization. Their results showed that 
NH3 volatilization appeared to be the dominant mechanism of loss at one site, 
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while loss by other mechanisms, most probably involving denitrification, was 
of equal importance to NH3 volatilization at another site. Hung et al. (1995) 
surveyed fertilizer N loss in paddy fields using 15N stable isotope at two sites 
in the Mekong Delta. The unaccountable N after the crop harvest that was 
not taken up by plants or not found in the soil was equivalent to 28 and 18% 
of the applied N, respectively. They presumed that N loss resulted from NH3 
volatilization and denitrification. Nitrogen loss by denitrification may be 
considerable and further study is necessary to evaluate the N balance in 
Vietnamese paddy fields. 
The following discussion is not based on any statistical analysis of the 
data because of a lack of replications. However, seasonal changes in N losses 
by NH3 volatilization differed among the sites. At BG, NH3 volatilization in 
the spring was less than that in the summer (both +FYM and –FYM), 
whereas at HN, NH3 volatilization in the spring was comparable to that in 
the summer (Table 2). Floodwater ammonium concentrations 1 day after the 
application of N in BG-sum (both +FYM and –FYM) were higher than those 
in BG-sup. Floodwater ammonium concentrations in the spring tended to be 
higher than those in the summer (Figure 2). These average floodwater pH at 
the time of measurement was 7.7 at BG-sum (+FYM), 7.7 at BG-sum (–FYM), 
8.4 at BG-spr, 7.2 at HN-sum and 8.1 at HN-spr. The floodwater pH in the 
spring was more favorable for NH3 volatilization than in the summer. In 
contrast, the floodwater temperature in the summer was more favorable for 
NH3 volatilization than in spring (data not shown). At CT, NH3 volatilization 
in the wet season was less than that in the dry season, despite higher 
floodwater temperatures (Table 2). The floodwater pH was mostly lower than 
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5 at CT-wet (data not shown). It is generally accepted that differences 
between NH3 gas concentrations in the liquid phase and in the atmosphere 
are a driving force of NH3 volatilization (Denmand et al. 1982, Leuning et al. 
1984, Freney et al. 1985) and that pH strongly affects the conversion rate of 
NH3 gas to NH4+ (Emerson et al. 1975, Hales and Drewes 1979). The lower 
floodwater pH almost certainly results in reduced NH3 volatilization. 
Although the soil at CT was not activated acid sulfate soil, the soil at 1 m 
below the surface contained Jarosite (KFe3(SO4)2(OH)6) (data not shown). It 
appears that the low floodwater pH was caused by acidic material around 
the paddy field at CT. Acid sulfate soil makes up approximately one-third of 
the soils of the Mekong Delta (National Institute for Soils and fertilizers 
Vietnam and Department of Science Technology and Product Quality 
Vietnam 2002), and consequently these soils are common in the paddy fields 
of Vietnam. The loss of N by NH3 volatilization from paddy fields with acid 
sulfate soil is most likely less than that from other soils. The dynamic 
chamber method is not suitable for measuring the dry deposition of NH3. 
Careful analysis is necessary for data derived from paddy fields where 
floodwater pH is as low as that observed at CT-wet. 
The quantitative evaluation of NH3 volatilization in this study 
demonstrates that N loss through NH3 volatilization can be an important 
factor in N flow and should be taken into account when developing 
sustainable rice production systems in Vietnam. To evaluate NH3 
volatilization from paddy fields in a region or over a wider area, appropriate 
model should be used. A number of models have been developed to calculate 
NH3 volatilization using the primary factors of floodwater ammonium 
71 
 
concentration, pH and temperature, and wind velocity (Freney et al. 1985; 
Jayaweera and Mikkelsen 1990). I believe that this datasets can be used to 
evaluate the adaptability of these models and to estimate NH3 volatilization 
in a region, a water catchment, a province or the whole country of Vietnam 
using a modeling approach. 
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CHAPTER 5 
GENERAL DISCUSSION AND CONCLUSIONS 
 
5.1. Conclusions 
I summarize the conclusions drawn from this study as followings. 
1. In comparison with conventional fertilization, application of RSC with a 
reduced amount of chemical fertilizer is able to maintain rice productivity 
over a longer period (Chapter 3). 
2. An imbalance between N and Si in rice plant may happen with a 
combination of the conventional nitrogen application and continuous 
removal of rice straw (Chapter 3). 
3. The N, P and Mg concentrations in rice plant increased in response to the 
doses of applied urea and single super phosphate however the rice yields 
stopped to respond at the lower doses (Chapter 2 & 3). 
4. The concentrations of K, Ca, Mn, Fe, Zn, and Cu did not differ 
significantly among the treatments with different chemical fertilizer and 
RSC doses (Chapter 3). 
5. The low ceiling of the yield was not caused by the lack of N, P and K 
(Chapter 2 & 3). 
6. The soil penetration resistance and the soil bulk density appeared to be 
lower with RSC than without RSC (Chapter 2). 
7. The estimated N losses by NH3 volatilization during the first 10-day 
period after fertilizer application and throughout the cropping period 
were 0.5–19.7% and 1.7–14.6% of the applied N, respectively, indicating 
that NH3 volatilization was a significant pathway of N loss from the 
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Vietnamese paddy fields (Chapter 4). 
 
5.2. General Discussion 
  The Mekong Delta is expected as a main rice-producing area in the world 
to supply rice both for the domestic and oversea demands. At the same time, 
diversification of agricultural production in the Mekong Delta will continue 
to improve farmers’ income and living standard. This will lead to land use 
change such as from paddy field to pond for aquaculture or to upland field for 
horticulture. To satisfy the demand for rice with decreasing paddy field, it is 
indispensable to increase the rice yield. Farmers often try to increase their 
crop yields by increasing chemical fertilizer inputs.  The soaring cost for 
chemical fertilizer accompanied with the increasing petro price in the 
international market is already deteriorating the benefit of rice farmers. It 
needs to improve fertilizer efficiency to save the cost and maintain the 
benefit from rice production. In contrast to the Red River Delta in northern 
Vietnam, manure or compost are not applied to most of paddy field in the 
Mekong Delta. And what is worse, many farmers remove rice straw for use in 
mushroom cultivation, vegetable mulching, or cattle feeding. However, the 
intensification of land use systems and the reduction in nutrient-laden 
sediment supply due to the improved control of floodwater from the Mekong 
River may decrease soil fertility. In the light of such current conditions, I 
suspect the change in nutrient cycling in the rice production system that 
may lead to the decreasing of the soil fertility in the Mekong Delta (Figure 1). 
We need to pay more attention to maintain soil fertility in the Mekong Delta. 
   In the chapter 2, it was shown that the rice yield stopped responding to  
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Results
Increase of the N load 
for the environment
Measure
Deterioration of the soil 
fertility (imbalance of the 
nutrients supply such as 
N surplus and Si 
deficiency ) causes yield 
decline 
Paddy fields in the Mekong 
Delta, Vietnam
Application of rice straw 
compost (6t ha-1) with a 
reduced (40 to 60%) 
amount of chemical 
fertilizer is able to 
maintain rice 
productivity over a 
longer period and 
decrease the N load for 
the environment.
Changes in 
material cycling
N, P, K  as 
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fertilizer
N, P, K, Si, Ca, 
Mg, …. in the 
nutrient-laden 
sediment 
Input to the paddy field
N, P, K, Si, 
Ca, Mg, ….in 
the grain
N, P, K, Si, 
Ca, Mg,   in 
the straw
Increase of the double 
& triple cropping
Output from the paddy field
 
 
 
  
Figure 5.1 Schematic illustration of this thesis 
(Left)   Current change in the material cycling in the paddy field of the Mekong  
Delta, Vietnam. 
(Center) Results of the change in the material cycling clarified in this study. 
 (Right) Sustainable soil fertility management method developed by this study  
for the adaptation to the current situation. 
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chemical fertilizer input at a low application rate. The concentrations of the 
plant body and internal efficiencies of nitrogen, phosphorous and potassium 
showed that the low ceiling of the yield was not caused by the lack of these 
elements. It turned out that the soil organic carbon (SOC) concentrations 
after the 12 consecutive RSC applications were not significantly different 
among the treatments, nevertheless, soil penetration resistance and bulk 
density in the plots with RSC application were lower than that without RSC. 
    In the chapter 3, it was found that application of RSC with a reduced 
amount of chemical fertilizer is able to maintain rice productivity over a long 
period in comparison with the conventional fertilization. It was suggested 
that the continuous removal of rice straw may reduce silicon availability in 
soil and likely decrease rice productivity, and that the application of RSC 
improved the silicon availability. The nitrogen and phosphorus 
concentrations of the straw increased with the fertilizer application rate but 
were not correlated with the yield increase. The relative yields from the 
conventional method annually decreased both in the wet season and the dry 
season. This indicates that the conventional fertilizer application with 
continuous removal of rice straw could not maintain soil fertility and rice 
yield (Figure 1). Dawe et al. (2003) analyzed yield trends in seven long-term 
experiments in Asia, with the rice cultivated twice a year, and concluded that 
the application of manure or straw failed to improve yield trends. The result 
of this study was different from their study. RSC application was shown to 
improve the yield trend in my study. However, the positive effect seems to 
have come from silicon contained in the RSC. 
 The soil organic matter content of the Mekong Delta is generally high 
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(Kyuma 1985, Dobermann et al. 2002). The decomposition of plant residues 
and organic matter is typically slower in submerged than in aerated soil 
(Sahrwat, 2004) and prolonged soil submergence can favor for maintenance 
or increase of SOC (Cassman et al., 1995, Bronson et al., 1997, Witt et al., 
2000). Cassman et al. (1998) and Pampolino et al. (2008) reported that SOC 
and total soil nitrogen in a tropical lowland soil increased, despite complete 
removal of all above-ground crop residues. Presently, biomass issues are 
receiving considerable attention globally, from agricultural scientists. 
Therefore, the effective use of rice straw as a biomass resource is being 
considered in many rice-producing countries. Rice straw produced in the 
Mekong Delta is huge and has big potential as a biomass resource. If soil 
fertility of the paddy field can be maintained by application of silicon despite 
complete removal of all above-ground crop residues, whole amount of the rice 
straw may be available for other purposes. More detail observation is 
necessary to decide whether the positive effect of the consecutive RSC 
application caused by organic matter application or only by the supply of 
silicon contained in the RSC. Even if organic matter application is 
indispensable, it may be possible to remove a part of rice straw. In that case, 
it is necessary to clarify how much rice straw should be returned to the field. 
    In the chapter 4, the ammonia volatilization from paddy field was 
measured for the first time in Vietnam. The NH3 volatilization could be a 
significant pathway of nitrogen loss from Vietnamese paddy fields. Nitrogen 
fertilizer consumption in South-East Asia including Vietnam has steadily 
increased as agricultural systems have intensified. As a result of that, the 
amount of nitrogen distribution to environments must be increasing (Figure 
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1). The distributed nitrogen from farmland can cause environmental 
pollution such as eutrification of surface water, acid rain and global warming. 
It is necessary to monitor nitrogen flows in agricultural production systems 
to evaluate sustainability of the systems and find solutions. 
   In this thesis, I assessed the sustainability of the current rice production 
system of the paddy field in the Mekong Delta, Vietnam. My experiment is 
the first long-term field experiment on the effects of organic matter 
application to paddy field in the Mekong Delta. It turned out that the 
conventional soil fertility management solely depends on chemical fertilizer 
could not maintain the rice yield of the paddy field. The fertilization of silicon 
should be considered to maintain and increase the rice yield. In addition to 
that, it was indicated the nitrogen fertilizer doses can be decreased without 
sacrificing the rice yield. I also assessed the ammonia volatilization from 
paddy fields in Vietnam. It turned out that the nitrogen loading from the 
paddy field to the environment is significant. I developed a new fertilization 
method for paddy field in the Mekong Delta i.e. the application of the RSC 
with a reduced amount (40 to 60 % to the conventional fertilization dose) of 
chemical fertilizer. By this fertilization method, the rice productivity can be 
maintained over a longer period and the nitrogen loading from the paddy 
field to the environment can be mitigated (Figure 1). The developed 
fertilization method needs to be examined whether it works effectively in 
farmers’ field. This fertilization method may have room for the further 
improvement, nevertheless, I believe the fertilization method is applicable 
and can be disseminated for large area of the paddy field in the Mekong 
Delta. My study showed that we can sustain rice yield for a long time by 
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means of a balanced nutrient supply. The balanced nutrient supply also 
mitigates environmental pollution because it reduces the nutrient surplus by 
increasing nutrient use efficiency. Farmers in the developing countries need 
sustainable soil fertility management methods that are practical and 
affordable for them. Mekong Delta produced more than 18 million tons of rice 
annually, but it has big potential to increase the production and the 
productivity. I believe that we need to identify the problems by careful 
observation of the current farming practices, before we develop new farm 
land management methods. The deep knowledge for the local farming 
practices and indigenous conditions and the wide knowledge for the 
advanced science need to help each other to detect the problems and find the 
solutions. During this study, I and my colleagues found that the rice yield in 
the wet season were much lower than that in the dry season. The low yield in 
the dry season cannot be explained by the climate conditions alone. I and my 
colleagues observed that the disorder of rice growth in the wet season and 
are identifying its causes. We will try to develop to overcome this problem 
and that will improve the rice production in the Mekong Delta in large scale. 
Not only this, there are many untapped potentials to increase the food 
production sustainably in this region. I sincerely hope that this thesis will 
contribute to maintain fertile Mekong Delta supplying rice beyond Vietnam 
and improve the farmers’ living standard. 
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